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Abstract 
 
The RNA interference (RNAi) repertoire of metazoans is principally composed of 
three independent but related systems – endogenous small interfering RNAs (endo-
siRNAs), micro RNAs (miRNAs) and Piwi-interacting RNAs (piRNAs). Although the endo-
siRNA pathway has been demonstrated in all five eukaryotic supergroups, the miRNA and 
piRNA pathways of metazoans likely evolved subsequent to metazoan divergence from 
other eukaryotes. These innovations evolved in a 100-200 million year period between the 
emergence of animal multicellularity and the divergence of the sponges. It is not yet known 
if the organisation and function of these systems, as characterised in bilaterian model 
species (vertebrates, Drosophila and C. elegans), is shared between early branching 
phyla (Porifera, Ctenophora, Cnidaria and Placozoa) and bilaterians. Preliminary evidence 
is mixed with commonalities like the existence of ‘ping-pong’ piRNA biogenesis in sponges 
and cnidarians contrasted with the lack of sequence and secondary structure homology of 
miRNAs between sponges and bilaterians. 
 
This thesis focuses on the RNAi systems of three early branching metazoan phyla 
that represent critical branches in early animal evolution (ie. Porifera, Ctenophora and 
Cnidaria). As no such tool was available, I developed a bioinformatic pipeline to annotate 
the RNAi components of mapped small RNA libraries from the demosponge Amphimedon 
queenslandica, the ctenophore Mnemiopsis leidyi and the cnidarian Nematostella 
vectensis. Detailed in Chapter 2, this pipeline, named RNAiTool, clusters mapped small 
RNAs from high-throughput sequencing data and then annotates those clusters based on 
a simple set of criteria, primarily focused on the read-length of the constituent small RNAs. 
RNAiTool was also used in the annotation of small RNA datasets from the well-studied 
bilaterian Drosophila melanogaster, providing a point of comparison for the less well-
understood non-bilaterian species. As well as interrogating individual datasets, RNAiTool 
can be used to compare the expression dynamics of endo-siRNA and piRNA cluster 
between datasets. Although it was used here to investigate the expression dynamics of 
endo-siRNA and piRNA cluster through development, RNAiTool can be used to assess the 
expression dynamics of clusters between any test and control datasets. 
 
The second major innovation presented in this thesis is the introduction of the 
uniformity index. This property of small RNA clusters describes the uniformity of small 
RNA coverage across the length of that cluster. This simple index provides a rapid method 
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for the identification of potential miRNAs and other highly expressed small RNA producing 
loci from large pools of small RNA clusters. 
 
Detailed here is the discovery and annotation of thousands of endo-siRNA and 
piRNA small RNA clusters from A. queenslandica (Chapter 3), M. leidyi, N. vectensis and 
D. melanogaster (Chapter 4). Using the uniformity index, new miRNAs from A. 
queenslandica and N. vectensis are identified, including a highly expressed, 
developmentally regulated ribosome-derived miRNA from the sponge (Chapter 5) and 
likely dual-function small RNA producing tRNAs, snoRNAs and snRNAs. A unique class of 
phased endo-siRNA is identified in the miRNA deficient ctenophore, M. leidyi, as is a 
population of 25mer-producing clusters of unknown function. 
 
In Chapter 4, I demonstrate the utility of Circos plots for the visualisation of the 
developmental expression dynamics of large populations of endo-siRNA and piRNA 
clusters from A. queenslandica, N. vectensis and D. melanogaster. This approach 
provides not only a high level aesthetic to the issue of complex data visualisation but also 
enables a level of comprehension of the genomic organisation and temporal dynamics of 
these systems that was not otherwise possible. As an example of the value of this method, 
I report here that piRNAs in A. queenslandica are likely generated from very long primary 
transcripts, as has been documented previously in bilaterian species. Prior to the 
visualisation of piRNA cluster expression dynamics, this was not suspected. 
 
 Chapter 6 investigates the thermodynamic properties of the long plant-like miRNA 
hairpins of A. queenslandica and reports that they are likely processed by the same set of 
core biogenic enzymes responsible for miRNA production in bilaterians. Finally, Chapter 7 
details progress that has been made towards the establishment of an experimental RNA 
interference protocol in A. queenslandica including the successful delivery of double-
stranded RNA to a subset of cells in whole juvenile animals. 
 
 This thesis takes the first steps towards an understanding of the evolution and 
function of RNAi systems in early branching metazoans, in particular the demosponge A. 
queenslandica. It is hoped that the framework for RNAi annotation developed here will 
prove useful for other studies of emerging model RNAi systems. 
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Chapter 1: Introduction 
 
1.1 The emergence of RNA interference (RNAi) systems 
 
Modern high-throughput RNA sequencing technologies have revealed complex and 
abundant small RNA populations in diverse taxa across the three domains of life. In 
eukaryotes, the small RNA repertoire is principally composed of RNA interference (RNAi) 
pathway components that predominantly function to silence target transcripts through 
complementary base pairing mediated target recognition (Fire et al. 1998, Kennerdell and 
Carthew 1998, Hammond et al. 2000). While neither bacteria nor archaea possess true 
RNAi systems, the CRISPR system, common to both, works as an adaptive immune 
system against phage invasion in an analogous way to eukaryotic RNAi (Mojica et al. 
2000, Makarova et al. 2006, Barrangou et al. 2007, Sorek et al. 2008, Horvath and 
Barrangou 2010). RNAi systems have now been discovered in members from all five 
eukaryotic supergroups (Cerutti and Casas-Mollano 2006) suggesting a common ancestry 
dating back prior to the divergence of the Eukarya 800-1400 million years ago (Schopf and 
Oehler 1976). Since the emergence of the ancestral eukaryotic RNAi system, divergence 
and diversification along separate eukaryotic lineages has led to substantial variation 
between and within conserved systems in disparate extant taxa. 
 
RNAi is thought to have evolved in response to threats from parasitic double-
stranded RNA (dsRNA) species such as retroviruses and transposons (Waterhouse et al. 
2001, Vance and Vaucheret 2001, Plasterk 2002, Baulcombe 2004). This ancestral small 
interfering RNA (siRNA) pathway worked as an adaptive immune system, first by 
recognising double-stranded RNA within the cell and cleaving it into small RNAs. These 
small RNAs were then loaded into effector proteins that act as recognition molecules for 
the processing and inactivation of future copies of the invasive nucleic acid. In many 
modern eukaryotes, the siRNA system functions in much the same way that the ancestral 
siRNA pathway is proposed to have functioned (Ketting et al. 1999, Li and Ding 2005, 
Kaneko et al. 2011). Two siRNA pathways have been described and these are delineated 
by the source of the substrate dsRNA transcript. Those from exogenous sources such as 
viruses are processed to form exo-siRNAs while those of endogenous origin such as 
transposons produce endo-siRNAs. 
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1.2 Eukaryotic RNAi  
 
The ancestral eukaryotic RNAi pathway was thought to have involved the RNAse III 
enzyme Dicer and a member of the Ago subfamily of Argonaute effector proteins (Peters 
and Meister 2007, Höck and Meister 2008, Hutvágner and Simard 2008). RNA-dependent 
RNA polymerase (RdRP) was also a likely component of the ancestral RNAi system, 
however its absence from several lineages that still retain a functioning siRNA system 
indicate that it is not an essential component (Gordon and Waterhouse 2007, Duan et al. 
2010, Crombach and Hogeweg 2011). Dicer is responsible for the initial recognition and 
processing of long dsRNA into dsRNA duplexes of approximately 21 nucleotides (nt) in 
length. This duplex is subsequently loaded into Ago (Schwarz et al. 2003). Exogenous 
dsRNAs are often Dicer recognisable upon delivery whereas endogenous double-stranded 
RNA substrates can be formed from folded single-stranded inverted repeats, convergent 
transcription and read-through from adjacent promoters, RNA second strand synthesis 
from an RNA template (RdRP activity), or from the trans-interaction of complementary 
transcripts (Reviewed in Svoboda 2014). 
 
In metazoan species that possess it, RdRP can produce secondary siRNAs that are 
often responsible for the recruitment of repressive histone methylation marks that 
epigenetically silence target loci. Secondary siRNAs are synthesised either directly 
following the formation of a primary siRNA-target duplex or through the synthesis of long 
dsRNA from primary siRNA target transcripts followed by a second round of cleavage by 
Dicer (Ghildiyal and Zamore 2009). In the nematode worm Caenorhabditis elegans, RdRP-
dependent secondary siRNA synthesis initiates histone 3 lysine 9 (H3K9) methylation of 
the chromatin from which the primary transcript was transcribed (Burkhart et al. 2011, 
Burton et al. 2011a, Gu et al. 2012a). The effect of this RNA-induced epigenetic silencing 
(RNAe), separate to the standard post-transcriptional mode of RNAi silencing, is greatly 
increased potency and longevity of silencing, as demonstrated by the transgenerational 
effects of synthetic RNAi knockdown in C. elegans (Burton et al. 2011b, Gu et al. 2012a). 
Chromatin methylation and silencing initiated by RdRP-dependent secondary siRNA 
synthesis was first described in plants (Matzke et al. 1989, Wassenegger et al. 1994, 
Hamilton and Baulcombe 1999, Wassenegger 2000) and has subsequently been 
demonstrated in yeast (Sugiyama et al. 2005, Bühler et al. 2006), while an analgous 
pathway in ciliates utilises RdRP-dependent secondary siRNAs to initiate chromatin 
modifications that demarcate DNA regions for chromosomal rearrangement (Mochizuki et 
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al. 2002, Taverna et al. 2002, Mochizuki and Gorovsky 2004, Liu et al. 2007, Lepère et al. 
2008, Kurth and Mochizuki 2009). The pervasiveness of secondary siRNA-directed 
chromatin modifications in disparate eukaryotes, argues for such a mechanism as 
ancestral and present in the last eukaryotic common ancestor (LECA). In species without 
the capacity for siRNA amplification, the effects of siRNA silencing are often significant, 
however those effects can last for as little as a single cell division cycle (Ngô et al. 1998). 
 
1.3 RNAi in the Metazoa 
 
With the evolution of animals came major innovations in RNAi. In addition to the 
pan-eukaryotic siRNA systems, animals possess two related but distinct RNAi systems - 
micro RNAs (miRNAs) and Piwi-interacting RNAs (piRNAs). While all three are united by 
their reliance on a member of the Argonaute protein family for small RNA-directed target 
recognition and silencing, the mode of small RNA biogenesis, the repertoire of biogenic 
enzymes required, the mode of silencing and the functions of each within the cell are all 
highly divergent. 
 
1.4 miRNA biogenesis and function 
 
Of the two novel RNAi systems, miRNAs most closely resemble the RNA-
dependent RNAi capacity of endo-siRNAs. Both systems produce small RNAs of 21-22 nt 
in length from dsRNA precursors and both require Dicer for at least one cleavage event in 
their biogenesis (Bernstein et al. 2001, Grishok et al. 2001, Hutvagner et al. 2001, Ketting 
et al. 2001, Lau et al. 2001). These small RNA duplexes are loaded into members of the 
Ago subfamily of Argonaute effector proteins forming the RNA-induced silencing complex 
(RISC) (Hammond et al. 2000). One strand of the duplex is then discarded and the other is 
retained for target recognition purposes (Tabara et al. 1999, Catalanotto et al. 2000, 
Hammond et al. 2001, Khvorova et al. 2003, Schwarz et al. 2003, Kidner and Martienssen 
2004, Meister et al. 2004, Liu et al. 2004, Hu et al. 2009). Unique to animal miRNA 
biogenesis are two proteins that work together as a complex to make the initial cleavage of 
the primary miRNA transcript (pri-miRNA). In this dicer-independent step, Drosha, a class 
II RNAse III protein related to Dicer, is directed to pri-miRNA hairpins by the dual dsRNA 
binding domain-containing Pasha (DGCR8 in vertebrates). It then precisely cleaves both 
strands, releasing the pre-miRNA hairpin (Lee et al. 2003, Carmell and Hannon 2004, 
Denli et al. 2004, Han et al. 2004). This complex, termed the Microprocessor, is unique to 
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metazoans and was critical in the evolution of the animal miRNA system. For recognition 
and precise processing by the Microprocessor, pri-miRNA hairpins must adhere to strict 
thermodynamic rules (Murchison and Hannon 2004, Han et al. 2006, Sohn et al. 2007). 
The result is a uniform structure for pri-miRNA hairpins, allowing efficient production of 
small RNAs with predictable length and sequence. Individual miRNAs are often highly 
abundant whereas endo-siRNAs are often lowly expressed with high sequence variability. 
 
Whereas siRNAs require near perfect complementarity to their target, miRNA target 
recognition is more flexible. In bilaterians, strong complementarity is maintained between 
nucleotides 2-8 of the miRNA (the seed region), however outside of this region, bulges 
and mismatches are common (Brennecke et al. 2005, Lewis et al. 2005, Krek et al. 2005). 
The result of this is target translational inhibition and/or target degradation, contrasting 
with the target cleavage common to siRNA silencing (Wightman et al. 1993, Lee et al. 
1993, Moss et al. 1997, Olsen and Ambros 1999, Seggerson et al. 2002, Bagga et al. 
2005). A notable exception to this rule comes from cnidarian Nematostella vectensis which 
often silences miRNA targets through cleavage in much the same way as silencing by 
endo-siRNAs (Moran et al. 2014). Whether or not N. vectensis miRNAs also silence 
targets without cleavage remains to be determined. 
 
1.5 piRNA biogenesis and function  
 
Of the three major RNAi pathways, piRNAs alone are entirely Dicer-independent 
(Vagin et al. 2006). In bilaterians, piRNAs function predominantly to silence transposons in 
the germline through the cleavage of single-stranded primary RNA transcripts into small 
RNAs of 24-30nt in length. These primary piRNAs are then loaded into a member of the 
Piwi subclass of Argonaute proteins. In a positive feedback loop termed the “ping-pong” 
piRNA biogenesis pathway, primary piRNA-loaded Piwi proteins target active transposon 
transcripts through base pairing, cleaving these at position ten of the primary piRNA to 
form secondary piRNAs (Gunawardane et al. 2007, Brennecke et al. 2007, O'Donnell and 
Boeke 2007, Nishida et al. 2007). These in turn are also loaded into Piwi proteins to target 
other primary transposon transcripts. The results of this positive feedback loop are a 
population of secondary piRNAs possessing either a 5’ uracil or an adenosine at position 
ten. This is often referred to as the ping-pong piRNA biogenesis signature. 
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 How piRNA precursor transcripts are initially recognised by the biogenesis 
machinery is still poorly understood, as is how the 5’ uracil bias of primary piRNAs is 
formed. The most likely candidate for the initial cleavage and 5’ end formation of primary 
piRNAs is Zucchini (Zuc), a nuclease capable of cleaving both single-stranded RNA and 
DNA in vitro (Haase et al. 2010, Ipsaro et al. 2012, Nishimasu et al. 2012, Voigt et al. 
2012). Whether Zuc preferentially cleaves transcripts to produce a 5’ uracil or whether 
selection in the loading of piRNAs by Piwi proteins creates this bias remains unresolved. 
 
 Like endo-siRNAs, piRNAs have roles in both post-transcriptional and 
transcriptional silencing. In mammals, piRNAs direct DNA methylation of CpG islands 
within the germline (Carmell et al. 2007, Kuramochi-Miyagawa et al. 2008, Aravin and 
Bourc'his 2008, Aravin et al. 2008), however it is unknown whether this is a direct effect or 
whether chromatin modification precedes DNA methylation (Olovnikov et al. 2012). While 
direct evidence of piRNA-mediated chromatin modifications in other lineages have been 
more difficult to establish, genes involved in the piRNA synthesis pathway and in 
chromatin modification were implicated in transposon silencing in C. elegans long before 
the elucidation of the ping-pong piRNA biogenesis pathway (Vastenhouw et al. 2003). The 
guidance of epigenetic modifications by piRNAs is now established for C. elegans (Ashe et 
al. 2012, Shirayama et al. 2012, Luteijn et al. 2012) and is likely in Drosophila 
melanogaster where loss of Piwi expression has a negative effect on H3K9 methylation of 
some transposable elements (Shpiz et al. 2011, Klenov et al. 2011, Wang and Elgin 2011, 
Sienski et al. 2012, Saito 2013). 
 
1.6 RNAi in early branching metazoans 
 
The discovery of miRNAs and ping-pong-derived piRNAs in the demosponge 
Amphimedon queenslandica coupled with the absence of these systems in the closest 
common ancestors to the Metazoa, the choanoflagellates (King et al. 2008), led to the 
hypothesis of their origin being on the stem leading to metazoans (Grimson et al. 2008). 
This view has been brought into question by recent work on the phylogenetic position of 
ctenophores that suggests it is they, not sponges, that are the earliest branching extant 
metazoan taxa (Figure 1.1) (Dunn et al. 2008, Ryan et al. 2013, Moroz et al. 2014). 
Ctenophores are complex, tissue-bearing multicellular animals that possess nerves, 
muscles and other recognisable bilaterian like cell types (Philippe et al. 2009). This is in 
stark contrast to sponge cell types that are limited in number, organised only into simple 
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tissues and that have questionable homology to any non-poriferan cell types (Leys and 
Degnan 2001, Leys et al. 2002, Leys and Hill 2012). Despite this, it is sponges that 
possess a small RNA repertoire that is akin to that of bilaterian animals while miRNAs and 
key miRNA biogenic enzymes are completely absent in ctenophores (Maxwell et al. 2012, 
Moroz et al. 2014). The presence or absence of piRNAs in ctenophores has not yet been 
investigated. 
 
 Figure	  1.1	  Two	  hypotheses	   for	   the	  evolution	  of	   the	  metazoan	  miRNA	  system.	  Blue	  bars	   indicate	   the	  evolution	  of	  the	  miRNA	  system	  and	  red	  bars	  indicate	  the	  loss	  of	  the	  miRNA	  system.	  In	  the	  scenario	  on	  the	   left,	   sponges	   are	   the	   sister	   group	   to	   all	   other	   metazoans	   and	   miRNAs	   were	   lost	   in	   both	   the	  branches	  leading	  to	  ctenophores	  and	  to	  the	  placozoans.	  In	  the	  scenario	  on	  the	  right,	  ctenophores	  are	  the	  sister	  group	  to	  all	  other	  metazoans	  and	  miRNAs	  evolved	  after	  their	  divergence	  from	  the	  Metazoa	  and	   prior	   to	   that	   of	   the	   sponges.	   Placozoans	   still	   undergo	   the	   loss	   of	   their	   miRNA	   system	   in	   this	  scenario.	   	  Mb	  –	  Monosiga	  brevicolis,	   choanoflagellate,	  Aq	   –	  Amphimedon	  queenslandica,	   sponge,	  Ml	   –	  
Mnemiopsis	   leidyi,	   ctenophore,	   Ta	   –	   Trichoplax	   adhaerens,	   placozoan,	   Nv	   –	   Nematostella	   vectensis,	  cnidarian,	  Bl	  –	  Bilateria,	  vertebrates,	  insects	  etc.	  
 
The view that cell type robustness in multicellular organisms may be conferred by 
miRNA-mediated buffering of target transcript abundance lead some to speculate on a 
possible role for miRNAs in the emergence of multicellularity (Kosik 2010, Ebert and Sharp 
2012). Indeed, miRNAs have been identified in plants, animals and brown algae (Cock et 
al. 2010), three lineages in which multicellularity has evolved independently. Although 
examples of miRNAs in unicellular eukaryotes have also been reported, most are likely to 
be mis-annotations with the possible exception of several from the unicellular green algae 
Chlamydomonas reinhardtii (Zhao et al. 2007, Molnár et al. 2007, Nozawa et al. 2012, 
Tarver et al. 2012). It is for these reasons that the absence of miRNAs in ctenophores was 
so surprising. The placozoan Trichoplax adhaearans also lacks both metazoan-specific 
RNAi pathways, however this is likely due to secondary loss following its divergence from 
the Metazoa after the branching of the sponges (Srivastava et al. 2008, Grimson et al. 
2008). Despite the apparent cellular and morphological similarities between ctenophores 
and eumetazoans, recent genomic analyses place them as the likely sister group to all 
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extant animals, bringing into question whether their lack of miRNAs is the result of loss, as 
it is in T. adhaerens, or whether ctenophores diverged from metazoans prior to miRNA 
evolution (Maxwell et al. 2012, Ryan et al. 2013, Moroz et al. 2014). 
 
The biology of miRNA regulation is largely conserved across bilaterian phyla 
despite approximately 650 million years of independent evolution. While continual 
acquisition of miRNAs throughout this time has lead to lineage-specific profiles (Hertel et 
al. 2006, Sempere et al. 2006, Prochnik et al. 2007, Heimberg et al. 2008, Wheeler et al. 
2009), the RNA hairpins from which miRNAs are cleaved are largely structurally 
homogenous, owing to deep conservation of the thermodynamic requirements for 
recognition by key miRNA biogenic enzymes (de Jong et al. 2009). Within the Bilateria, 
over 30 individual miRNAs can be found in all phyla except the Xenoturbellida and 
Acoelomorpha flatworms, which appear to have undergone degeneration of their miRNA 
pathways (Sempere et al. 2007, Philippe et al. 2011). 
 
The small RNA repertoire of cnidarians represents a shift from that common to 
bilaterians. Only a single bilaterian-like miRNA has been discovered in cnidarians and 
instead of numerically dominating the small RNAome as is common in bilaterians, 
cnidarian miRNAs are outnumbered by piRNAs (Grimson et al. 2008, Krishna et al. 2013, 
Liew et al. 2014, Moran et al. 2014). Cnidarian pre-miRNA hairpins are also slightly shorter 
than the standard bilaterian pre-miRNA hairpin, while those of sponges are often 
substantially longer (Grimson et al. 2008). No miRNAs are conserved between sponges 
and cnidarians or bilaterians, thus the metazoan-specific miRNA biogenic enzymes 
Drosha and Pasha are the only truly synapomorphic components of the miRNA pathway in 
the Metazoa (Grimson et al. 2008, Wheeler et al. 2009, Robinson et al. 2013). These 
observations along with the absence of miRNAs entirely from at least two non-bilaterian 
lineages, suggest a more varied requirement for the services provided by the three major 
RNAi systems in non-bilaterians than is the case for bilaterians. 
 
1.7 Non-canonical RNAi systems 
 
Less is known of the dynamics of either piRNAs or endo-siRNAs in non-bilaterians 
than is for miRNAs. Several studies have identified populations of small RNAs that are 
likely components of either piRNA or endo-siRNA systems (Grimson et al. 2008, Krishna 
et al. 2013, Moran et al. 2014, Moroz et al. 2014), however the genomic architecture, 
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biogenesis and function of these systems have received little attention outside the classic 
bilaterian model species. Even within bilaterian RNAi systems, numerous examples of 
non-canonical small RNA biogenesis and non-canonical system functions that differ from 
the standard models presented here, have been described. Mirtrons are a subclass of 
Microprocessor-independent miRNAs that utilise the splicesomal machinery for the initial 
cleavage of pre-miRNA hairpins and along with Dicer-independent miRNAs that require 
Ago catalysis, represent examples of non-canonical miRNA biogenesis (Ruby et al. 2007b, 
Cheloufi et al. 2010). Recently, sex determination in the silkworm Bombyx mori was shown 
to rely on the expression of a single piRNA (Kiuchi et al. 2014) and accumulation of 
histone methylation required for X chromosome inactivation in mice is reliant on a novel 
siRNA-like Dicer-dependent small RNA population (Ogawa et al. 2008). 
 
1.8 Thesis aims 
 
The primary aim of this thesis is to investigate the RNAi repertoires of three species 
that lie at important nodes in pre-bilaterian animal evolution - the demosponge A. 
queenslandica (Srivastava et al. 2010), the ctenophore Mnemiopsis leidyi (Ryan et al. 
2013) and the cnidarian N. vectensis (Putnam et al. 2007). From what little is known of 
RNAi in the phyla represented by these species, it is evident that the period following the 
emergence of metazoan multicellularity and preceding the divergence of the Bilateria, was 
one of great innovation and upheaval for RNA interference. In this period, two new major 
RNAi systems evolved and their integration into the wider regulatory environment of 
subsequent taxa now appears to be more hetrogenous than is apparent when bilaterians 
are considered in isolation. 
 
Limited bioinformatic resources exist for the complete annotation of RNA-interfering 
small RNAs in species for which only draft genomes are available, necessitating the 
development of such a pipeline. Likewise, functional laboratory tools that take advantage 
of endogenous RNAi pathways are also scarce for non-bilaterians as they are for all 
marine invertebrates. To address these issues and those of the developmental dynamics 
and genomic architecture of RNAi systems in non-bilaterians, this thesis considers the 
following aims: 
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1. to develop a bioinformatic pipeline for the annotation of small RNAs 
involved in RNAi for species with draft genomes. Details of this pipeline 
and its development are described in Chapter 2. 
 
2. to investigate the RNAi repertoire of the demosponge A. queenslandica 
and the proposed evolutionary link between the endo-siRNA and the 
miRNA pathway. This is described in Chapter 3. 
 
3. to compare and contrast the RNAi repertoires of the demosponge A. 
queenslandica, the ctenophore M. leidyi, the cnidarian N. vectensis and 
the bilaterian arthropod, D. melanogaster. This is described in Chapter 4. 
 
4. to investigate the thermodynamics of the pri-miRNA hairpins of the 
demosponge A. queenslandica and their relationship to the metazoan 
RNAi biogenic machinery. This is described in Chapter 5. 
 
5. to develop a laboratory protocol for the RNAi-based knockdown of gene 
expression in the demosponge A. queenslandica. Analysis of the 
feasibility of such a protocol and progress towards its development are 
described in Chapter 6. 
 
Currently, little is known of the early origins of the metazoan-specific RNAi 
pathways. This situation is due, in part, to the limited information available on the small 
RNA repertoires of species representing early branches in animal evolution. For those 
species that have received attention in this regard, studies have focused on particular 
components of individual RNAi systems. By addressing the above stated aims, this thesis 
provides the first thorough investigation of RNAi in three non-bilaterians and one bilaterian. 
Furthermore, the development of a bioinformatic pipeline for annotation of small RNA data 
provides a framework for further study on this topic. As well as an increased understanding 
of the evolution of RNAi, results of the bioinformatic analysis of the endo-siRNA pathway in 
A. queenslandica have informed the continuing development of an experimental RNAi 
protocol for the targeted knockdown of gene expression. Continued efforts to understand 
the RNAi systems of non-metazoans promises to yield insights into the evolutionary origins 
of these critical regulatory systems and will guide the establishment of practical laboratory-
based techniques and protocols that take advantage of this biology. 
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Chapter 2. Development of RNAiTool and its application in RNA interference 
surveys 
 
Abstract 
 
RNAiTool is a collection of scripts designed to annotate the RNA interference (RNAi) 
components of high-throughput small RNA sequencing datasets in animals. The 
biogenesis of major RNA-interfering molecules including endogenous small interfering 
RNAs (endo-siRNAs), Piwi-interacting RNAs (piRNAs) and microRNAs (miRNAs) involve 
unique biogenic pathways that that confer upon their respective small RNAs signatures 
that are characteristic of their biogenic origins and functions. Following clustering of 
adjacent mapped small RNAs, RNAiTool exploits these differences to categorise those 
clusters that are likely components of one of the three major RNAi pathways. RNAiTool 
can also normalise co-expressed clusters from across different datasets by focusing on 
the genomic location to which they map. This facilitates the investigation of expression 
dynamics between two or more datasets, enabling the user to analyse changes in 
expression between developmental states or between a test and a control dataset. Here I 
describe the development of this tool and demonstrate its utility in surveying the RNAi 
repertoire of animal species. 
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2.1 Rationale 
 
 2.1.1 RNA interference systems 
 
In animals, RNA interference (RNAi) components make up a significant portion of 
mapped small RNAs. The three major RNAi systems, endogenous small interfering RNAs 
(endo-siRNAs), Piwi-interacting RNAs (piRNAs) and microRNAs (miRNAs), contribute 
small RNAs with characteristic length, sequence and structural properties that are the 
result of the biogenic pathways that are unique to each (Röther and Meister 2011). For all 
three systems, small RNAs are processed from longer transcripts termed either primary or 
precursor transcripts (Bartel 2004, Murchison and Hannon 2004, Okamura and Lai 2008, 
Kim et al. 2009, Han and Zamore 2014).  
 
Primary RNAi molecules are generally long, non-coding, RNA polymerase II 
transcripts (Lee et al. 2004, Goriaux et al. 2014) that are subsequently processed into 
small RNAs. In addition, amplification loops present in some endo-siRNA and in piRNA 
systems are capable of synthesising small RNA populations that lie antisense to primary 
transcripts (Pak and Fire 2007, Sijen et al. 2007, Gunawardane et al. 2007, Brennecke et 
al. 2007). Clusters of mapped adjacent small RNAs act as a proxy for undetected primary 
transcripts, often demarcating the boundaries of a transcriptional unit (Girard et al. 2006, 
Lau et al. 2006, Aravin et al. 2007b, Lau et al. 2009). Such proxy transcripts can be 
subjected to thermodynamic analyses, allowing for biogenically important secondary 
structural features to be discerned. 
 
2.1.2 Motivation 
 
To date, no single tool has been developed for the annotation of all three major 
animal RNAi classes from mapped small RNA libraries, although the need for tools to 
annotate and quantify such componenets has been discussed (Sergeeva et al. 2013). For 
miRNAs, miRDeep2 has become the standard for novel miRNA annotation in bilaterian 
species. This program uses small RNA mapping data and also relies, to a large extent, on 
the predicted secondary structure of putative miRNA hairpins (Friedländer et al. 2008). In 
the demosponge Amphimedon queenslandica, the hairpins of miRNAs are substantially 
longer than that of bilaterian miRNAs and this causes problems for miRDeep2 analysis 
(Grimson et al. 2008). Consequently, miRDeep2 annotation of miRNAs in this species was 
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only able to accurately predict two of the eight miRNAs previously reported for this species 
(data not shown). 
 
Several programs have been written for piRNA prediction, however no single 
program has yet emerged as a standard in the same way that miRDeep2 has for miRNA 
prediction. The latest attempt to predict piRNAs from mapped small RNA data uses a 
machine learning approach based on support vector machines (Brayet et al. 2014). This 
newly released program shows promise for future piRNA annotation pipelines and its 
modular nature should provide the flexibility required for the analysis of piRNA systems 
that may vary between different animal lineages. 
 
To my knowledge, no program has yet been released for the prediction and 
quantification of endo-siRNAs from mapped small RNA data. This is surprising given the 
ubiquity of the endo-siRNA pathway in eukaryotes and the seemingly high level of 
conservation of both the biogenic pathways and the functions of this system across 
diverse species (Claycomb 2014). Compared to the challenges of piRNA prediction, endo-
siRNAs would appear to be much simpler to annotate, given their narrower read-length 
distribution (20-22 nt rather than ~24-35 nt for piRNAs) and the requirement of the key 
endo-siRNA biogeneic enzyme Dicer for a double-stranded RNA substrate (Bernstein et 
al. 2001, Hutvagner et al. 2001, Knight and Bass 2001, Ketting et al. 2001, Golden et al. 
2008). 
 
Here, I describe the development and logic of RNAiTool. The annotation of small 
RNAs using RNAiTool was central to the studies described in Chapters 3 and 4 and 
enabled the discovery of new miRNAs in A. queenslandica and the cnidarian Nematostella 
vectensis, heterochromatic regions likely from the X chromosome of the fruit fly Drosophila 
melanogaster with possible roles in X-chromosome dosage compensation and a unique 
class of phased endo-siRNA in the ctenophore Mnemiopsis leidyi. RNAiTool was central to 
the annotation of large endo-siRNA and piRNA populations in all of these species, which 
enabled the tracking of endogenous RNAi cluster expression dynamics over 
developmental time. This package has proven useful in the annotation of the RNAi 
components of small RNA sequencing datasets, especially for emerging animal model 
organisms at varying stages of maturity. 
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2.2 RNAiTool Description 
 
2.2.1 RNAiTool dependencies 
 
To run the RNAiTool package, BEDTools (Quinlan and Hall 2010), the ViennaRNA 
package (Lorenz et al. 2011), Randfold (Bonnet et al. 2004) and UCSC’s overlapSelect, 
bedSort and faSplit are required prior to RNAiTool usage. A number of in-house scripts 
and scripts written as part of this package will also be described below and these too are 
required prior to RNAiTool usage. Apart from Randfold and RNALfold, all other scripts 
mentioned in this chapter are components of the RNAiTool package. 
 
2.2.2 RNAiTool scripts 
 
The four primary components of RNAiTool (Appendix A: Figure S2.1) are: 
 
1. endoTool.sh 
2. piRNATool.sh 
3. endo_normaliser.sh 
4. pi_normaliser.sh 
 
Together, these scripts cluster small RNAs from mapped BED format files 
(http://genome.ucsc.edu/FAQ/FAQformat.html#format1) followed by annotation of those 
clusters that belong to either the endo-siRNA or piRNA pathway. Clusters that are co-
expressed in multiple datasets are then normalised, enabling analysis of the expression 
dynamics of individual clusters. 
 
2.2.3 endoTool.sh  
 
endoTool.sh requires as input, three files, the first of which is a six-field BED file 
describing the locations of a mapped small RNASeq dataset (see Appendix A: Fomat 
S2.1). This file should be collapsed using fastx_collapser 
(http://hannonlab.cshl.edu/fastx_toolkit/) or an equivalent program.  
 
Second, an ignore file is required. This is a tab delimited six-field BED file 
describing the genomic locations that should be ignored by the analysis. This may include 
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ribosomal regions, repetitive regions, regions known to represent contamination 
introduced to the genome of interest during assembly or it may include any other region 
that the user wishes endoTool.sh to ignore.  
 
Thirdly, a FASTA format file (Pearson and Lipman 1988) of the genome sequence 
of interest is required. 
 
 endoTool.sh begins by removing any mapped small RNAs from the input library that 
overlap the regions specified in the ignore file. Reads are then clustered by strand using 
an in-house script. Clustering utilises a 150 bp window so that any read that has at least 1 
nt within 150 bp of another read is included in the same cluster. This length was selected 
based on the lengths of the longest known animal pre-miRNA hairpins - those of the 
demosponge A. queenslandica (Grimson et al. 2008). Only clusters that are at least 51 bp 
long and contain at least three reads are carried through to the next step. The requirement 
for at least 51 nt in length ensures that at least two distinct reads are included in each 
cluster, providing that all mapped reads are under 51 nt long. 
 
Clusters from the two strands are then clustered together so that loci with reads 
from both strands can be discerned from those with reads from only a single strand. 
Stranded clusters that cluster with an antisense partner are then removed from the original 
stranded cluster files ensuring that no genomic location is covered by more than a single 
cluster. The result of this is the production of three bed files:  
 
1. Clusters comprised of reads from the plus strand 
2. Clusters comprised of reads from the minus strand  
3. Clusters comprised of reads from both strands.  
 
Bed file number three has an empty sixth field as no strand can be allocated to 
clusters that are comprised of reads from both strands.  
 
All small RNAs from the input mapped bed file are then intersected with the three 
cluster files, creating a merged BED file containing all the small RNAs from each cluster. 
FASTA files are generated for plus and minus strand clusters while for unstranded 
clusters, a FASTA file for each strand is generated. These sequences are subjected to 
secondary structure analysis with RNALfold (Lorenz et al. 2011). For unstranded clusters, 
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only the sequence from the strand that gives the lowest minimum free energy is retained 
while the other is discarded. If both strands produce secondary structures with equal 
minimum free energies, the plus strand is arbitrarily selected. 
 
The FASTA file for each cluster and the output files from RNALfold generated by 
endoTool.sh are used as input for fastaTrimmer.sh. fastaTrimmer.sh trims the input 
FASTA file to reflect the sequence corresponding to the most stable structure found by 
RNALfold, discarding the flanking sequences. These outputs are written to new files for 
each cluster which are subsequently combined into one of four FASTA files:  
 
1. Plus strand clusters  
2. Minus strand clusters  
3. Un-stranded clusters in which the plus strand produces the most stable 
secondary structure and  
4. Un-stranded clusters in which the minus strand produces the most stable 
secondary structure.  
 
The two unstranded files are retained only for the purposes of the following 
Randfold step and are subsequently combined for all later analyses. 
 
 The four trimmed FASTA files are submitted to Randfold (Bonnet et al. 2004) to 
assess the likelihood that the structures predicted by RNALfold could have arisen by 
chance. Randfold randomises the sequences submitted to it 100 times and then uses the 
ViennaRNA package (Hofacker et al. 1994) to predict the minimum free energy of the 
secondary structures of these randomised sequences. These are then compared to the 
minimum free energy of the predicted secondary structure of the native sequence. The 
result is a p-value assigned to each cluster that describes the likelihood that the native 
sequence of that cluster will fold to form a secondary structure that is more stable than a 
randomised version of itself. This can be interpreted as the likelihood that the secondary 
structure predicted for a cluster has not occurred by chance and thus is likely functionally 
important. Ideally, the number of randomisations would be set closer to 1000 as 
recommended by the authors of Randfold however considering the number of clusters 
predicted by endoTool.sh in a standard analysis, what is already a rate limiting step in 
endoTool.sh usage would become unmanageable under these conditions on a typical 
computing cluster. This reduced number of randomisations of each cluster may lead to 
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decreased confidence in the output for any particular cluster, however this is offset 
somewhat by the large number of clusters that are usually assessed per analysis. 
  
 Read length distribution files for the mapped bed files of each cluster are generated 
with an in-house-script and submitted to PeakTool.sh (Appendix A: Figure S2.1). This 
script takes the small RNA read-length distribution output for each cluster and separates 
those clusters for which the most abundant size class is 20, 21 or 22 nt in length from the 
remaining (other) clusters. This size range reflects the common read-length distribution of 
Dicer cleavage products, an enzyme common to both endo-siRNA and miRNA but not 
piRNA biogenesis (Kim et al. 2009). 
 
endoPeaker.sh determines if the sum of the total number of reads (counts) from this 
size class as well as those that are 
1 nt longer or shorter in length, are 
greater than the sum of the counts 
of all other size classes. In Figure 
2.1, the read-length distribution of a 
cluster that passed endoPeaker.sh 
analysis (2.1a), displays a peak in 
counts at 21 nt. The sum of the 
counts that are 20, 21 and 22 nt in 
length comes to 37 while the sum 
of the counts of all other read-
lengths is just 14. Figure 2.1b 
shows a read length distribution 
pattern of a cluster that failed 
endoPeaker.sh analysis. Despite 
the most dominant read-length 
being 21 nt, the sum of the 20, 21 
and 22 nt reads comes to 37 while 
the sum of all other read-lengths 
exceeds this at 38. This test is 
used to assign clusters as likely 
components of the endo-
siRNA/miRNA pathway.  
	  	  Figure	  2.1.	  Read	  length	  distributions	  of	  a	  cluster	  annotated	  as	  an	   endo-­‐siRNA/miRNA	   (A)	   and	   a	   cluster	   that	   failed	   endo-­‐siRNA/miRNA	  annotation	   (B).	  Mappers	   refers	   to	   the	   distinct	  reads	  within	  a	  cluster	  while	  counts	  refers	  to	  the	  total	  number	  of	  sequenced	  reads.	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The read-length distribution files are also sent to countMapper.sh, producing files 
that can be used to determine the uniformity index (see Chapter 3 for an explanation of the 
uniformity index, Appendix A: Format S2.2). This index is used to quickly identify 
candidate miRNAs from large pools of endo-siRNA clusters and is described in detail in 
Chapter 3. A directory called OUTPUT is created by endoTool.sh and in it, files with 
information regarding the Randfold results, uniformity index and secondary structure for 
each cluster are written (Appendix A: Format S2.3). 
 
2.2.4 piRNATool.sh 
 
Following endoTool.sh completion, piRNATool.sh is executed to determine which of 
the non-endo-siRNA clusters defined by endoTool.sh are likely piRNA clusters. In the 
literature, a piRNA cluster has a specific meaning, referring to what are often very long, 
(up to several kilobases) genomic locations that produce piRNAs (Aravin et al. 2006, Lau 
et al. 2006). piRNATool.sh simply annotates clusters that have already been defined by 
the parameters detailed for endoTool.sh analysis and as such, are often much shorter 
than classic piRNA clusters (Li et al. 2013b, 2013a). What RNAiTool defines as a piRNA 
cluster is in many cases, a small RNA dense region of a much longer primary transcript. 
Details of the relationship between the piRNA clusters defined here and the long primary 
transcript from which many were likely derived are discussed in Chapter 4. 
 
piRNATool.sh requires no user specified input files but should be executed from 
within the same directory as was endoTool.sh.  Like endoPeaker.sh, piPeaker.sh uses the 
read-length distribution data of individual clusters for annotation purposes. Instead of 
searching for clusters with peaks in read-lengths of 20, 21 or 22 nt, piPeaker.sh looks for 
clusters with peaks at 26, 27 or 28 nt. This distribution was selected based on previous 
work by Grimson et al. (2008) that identified abundant populations of ~27 nt piRNAs in 
both A. queenslandica and N. vectensis. This distribution was also consistent with a broad 
peak of small RNAs in the 26-28 nt size range of A. queenslandica identified in Chapter 3. 
For species such as Drosophila melanogaster that have slightly shorter piRNAs than this 
more typical length range (Brennecke et al. 2007), these numbers should be modified prior 
to piRNATool.sh execution. Likewise, for species in which piRNAs have not yet been 
identified, candidate size ranges should be based on evidence from mapped small RNA 
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read-length distributions and follow up analyses should be conducted to confirm that the 
correct size range was selected. 
 
2.2.5 endo_normaliser.sh  
 
After completing endoTool.sh analyses on all the datasets within a study from the 
same organism, endo_normaliser.sh can be executed to investigate the dynamics of endo-
siRNA cluster expression between the datasets. endo_normaliers.sh should be executed 
from the same directory as was endoTool.sh.  
 
As input, endo_normaliser.sh requires the same genome FASTA file that was 
required for endoTool.sh execution. It also requires a six-field BED file (Appendix A: 
Format S2.1), describing the genomic location of any previously annotated miRNAs from 
the species. All miRNA annotations for the analyses carried out in this thesis were 
obtained from the miRNA database miRBase version 21. 
 
Clusters identified by endoTool.sh from different datasets are themselves clustered 
by endo_normaliser.sh so that any two clusters overlapping by at least 1 nt are identified 
as part of the same small RNA producing locus. The resulting clusters reflect the most 5’ 
and the most 3’ extremities of their constituent components. BED files and FASTA files are 
then generated for these clusters after which ColumnAligner.sh generates files that relate 
the endoTool.sh cluster names to the new normalised cluster names (Appendix A: Format 
S2.4).  
 
 From all clusters, endo_normaliser.sh removes those corresponding in position to 
the miRNAs specified in the input file at execution. These clusters are written to an 
equivalent BED file (Appendix A: Format S2.4). 
 
 2.2.6 pi_normaliser.sh 
 
 pi_normaliser.sh does for piRNA clusters what endo_normaliser.sh does for endo-
siRNA clusters. The logic of this script follows that of endo_normaliser.sh with provisions 
given for the change in the read-length distribution of the clusters. 
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2.3 Summary 
 
 2.3.1 Summary of RNAiTool package 
 
 The scripts comprising RNAiTool are all written for the BASH shell. While the 
package is functional, bottlenecks in processing time remain to be resolved and there are 
also issues regarding the portability of the package in its current form. Development is still 
ongoing and improvements to the logic behind the package continue to be made. 
 
Despite these issues, RNAiTool performed well in the annotation of the RNAi 
components of D. melanogaster small RNA datasets as detailed in Chapter 4. The RNAi 
systems of this species have been particularly well studied and so it was of comfort to find 
that the endo-siRNA and piRNA populations predicted by RNAiTool conformed to many of 
the properties already known about these systems. Both systems show evidence for roles 
in transposon control while a sub-population of endo-siRNAs appear to originate from and 
so possibly regulate, specific coding genes. In one particular D. melanogaster dataset, 69 
previously reported miRNAs were identified, providing further confidence that the 
approaches detailed here produce biologically meaningful results. Continued development 
will improve the quality of the annotation performed by RNAiTool, however even in its 
current form, its capacity to identify components of the endo-siRNA, piRNA and miRNA 
pathways in multiple species has been critical to success of this thesis. 
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Chapter 3. Survey of RNAi components in the demosponge Amphimedon 
queenslandica reveals abundant endo-siRNAs, novel miRNAs and conservation in 
the genomic organisation of RNAi systems 
 
Abstract 
 
The RNA interference (RNAi) repertoire of animals is made up of three related but 
separate systems. MicroRNAs (miRNAs) and Piwi-interacting RNAs (piRNAs) have 
received the most attention in animals, especially vertebrates, owing to their large 
numbers, high expression and clear regulatory roles. The third, endogenous small 
interfering RNAs (endo-siRNAs), are less abundant in vertebrates but are considered 
ancestral due to their emergence prior to the divergence of all five eukaryotic supergroups. 
While the evolution of the Metazoa occurred in partnership with major innovations in RNA 
interference, early branching metazoan linages have not been thoroughly investigated. 
These lineages diverged shortly after or during the emergence of the metazoan-specific 
RNAi system. Here I report on the RNAi repertoire of the demosponge Amphimedon 
queenslandica and describe an abundant population of endo-siRNAs, novel miRNAs and 
a number of loci that appear to share characteristics with both systems. I also introduce 
the concept of a uniformity index as a measure of the RNA diversity at specific loci and 
detail its utility in the rapid identification of candidate miRNAs from amongst large 
populations of endo-siRNAs. The genomic context of A. queenslandica’s large endo-
siRNA and piRNA populations are investigated and the likely functions for these RNA 
interference systems are discussed. 
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3.1 Introduction 
 
 3.1.1 RNAi in sponges 
 
Sponges (phylum Porifera) are known to possess both microRNA (miRNA) and 
Piwi-interacting RNA (piRNA) posttranscriptional regulatory systems (Grimson et al. 2008). 
Together with the endogenous small interfering RNAs (endo-siRNAs) system, which has 
not been described to date, miRNAs and piRNAs constitute the major components of the 
eukaryotic RNA interference (RNAi) repertoire (Kim et al. 2009). 
 
Sponge miRNAs are unique amongst metazoans for their scarcity, their lineage-
specificity and their structure. To date, only eight miRNAs are known from the 
demosponges (Grimson et al. 2008), one of which (miR-2019) is shared with hexactinellids 
(Wheeler et al. 2009, Sperling et al. 2010). Only two miRNAs have been described in the 
calcisponges and a possible single novel miRNA has been described in a 
homoscleromorph sponge (Wheeler et al. 2009, Robinson et al. 2013). Despite the lack of 
overlap between the miRNA repertoires of sponges and other phyla or even between the 
miRNAs of different sponge classes, unequivocal support has been established for the 
orthology the miRNA biogenic enzymes Drosha and Pasha between sponges and 
bilaterians (Robinson et al. 2013). 
 
3.1.2 RNAi evolution and function 
 
The emergence of Drosha and Pasha, collectively termed the Microprocessor 
complex (Denli et al. 2004), prior to the divergence of the sponge and eumetazoan 
lineages appears to have been important for the evolution of the metazoan miRNA system 
(Grimson et al. 2008). Plants and brown algae also possess miRNA systems, however all 
three are considered analogous, having independently evolved following co-option of 
components of the shared eukaryotic endo-siRNA system (Jones-Rhoades et al. 2006, 
Axtell et al. 2011, Tarver et al. 2012). Of the three RNAi systems, endo-siRNAs have 
received the least attention in animals, possibly due to their perceived lesser importance in 
vertebrates, although a renewed interest appears to be developing (Flemr et al. 2013, 
Werner et al. 2014, García-López et al. 2014, Svoboda 2014). In fact, the capacity for 
artificial knockdown of target gene expression by hijacking the machinery of the endo-
siRNA pathway has long been known to be an effective strategy for experimental RNA 
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interference in some vertebrate cell types (Wianny and Zernicka-Goetz 2000, Svoboda et 
al. 2000, Elbashir et al. 2001). 
 
The paucity of reported miRNAs in A. queenslandica prompted the investigation of 
the as yet unreported endo-siRNA population in this species as a possible alternative 
posttranscriptional regulator of coding genes. As well as a role in transposon control in 
nematodes, mammals and insects, abundant endo-siRNA populations mapping to coding 
mRNAs have been uncovered	   (Ketting et al. 1999, Tabara et al. 1999, Svoboda et al. 
2004, Watanabe et al. 2006, Murchison et al. 2007, Tam et al. 2008, Watanabe et al. 
2008, Ghildiyal et al. 2008, Chung et al. 2008, Czech et al. 2008, Okamura et al. 2008b). 
While direct evidence of mRNA regulation by endo-siRNAs has only been described in D. 
melanogaster (Czech et al. 2008, Okamura et al. 2008b), it is likely that this function is 
more widespread given that posttranscriptional regulation of endogenous RNAs was a 
likely function of the endo-siRNA system in the last eukaryotic common ancestor (LECA) 
(Cerutti and Casas-Mollano 2006). 
 
 3.1.3 Uniformity Index 
 
 Biogenesis of miRNAs is an efficient process that reliably produces small RNAs of a 
predictable length and sequence. Precise positioning of the catalytic domains of the 
RNAse III proteins Drosha and Dicer ensures reproducible small RNA production from 
miRNA hairpins (Filippov et al. 2000, Bernstein et al. 2001, Grishok et al. 2001, Hutvagner 
et al. 2001, Knight and Bass 2001, Ketting et al. 2001, Lee et al. 2003, Carmell and 
Hannon 2004, Han et al. 2004). Variation around the dominant small RNA species 
produced by miRNA loci is limited, leading to large populations of small RNAs exhibiting 
low sequence diversity. In contrast, small RNA production by Dicer from non-miRNA loci is 
less precise. Without the guidance of binding partners involved in miRNA production, Dicer 
cleaves dsRNA with less discrimination, producing endo-siRNAs with a regular length, but 
with far greater sequence variability (Tam et al. 2008, Watanabe et al. 2008, Ghildiyal et 
al. 2008, Okamura et al. 2008a, Chung et al. 2008, Czech et al. 2008, Kawamura et al. 
2008, Okamura et al. 2008b). As a consequence, endo-siRNAs are typically lower in 
number and higher in diversity than those of miRNAs. Likewise, piRNA biogenesis 
involves limited specificity over the 5’ and 3’ ends produced by the catalytic components of 
the pathway, resulting in a highly diverse population of piRNAs arising from each loci 
(Gunawardane et al. 2007, Brennecke et al. 2007, Houwing et al. 2007). 
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 The small RNA production uniformity of each cluster can be measured by what I 
term the uniformity index - the ratio of the total abundance of small RNAs comprising a 
cluster (counts) and the number of distinct small RNAs from that same cluster (mappers). 
In part A of Figure 3.1, a miRNA-like hairpin produces 16 individual reads but only three 
distinct reads, resulting in a uniformity index of 5.3. In part B, an endo-siRNA like hairpin 
also produces 16 individual reads but these comprise 12 distinct reads, resulting in a 
uniformity index of 1.3.  
 
 Figure	   3.1.	   Demonstration	   of	   high-­‐uniformity	   and	   low-­‐uniformity	   small	   RNA	   clusters.	   The	   high-­‐uniformity	   cluster	   (A)	   produces	   just	   three	   distinct	   reads	   for	   a	   total	   of	   16	   reads	   while	   the	   low-­‐uniformity	  cluster	  (B)	  produces	  12	  distinct	  reads	  for	  a	  total	  of	  16	  reads.	  
 
Calculating this simple index for each small RNA cluster provides a rapid method 
for the identification of those clusters for which a uniformity bias exists in distribution of its 
constituent small RNA. As I will demonstrate in this chapter, the uniformity index is a 
particularly useful method for the rapid and reliable identification of candidate miRNAs 
from amongst large pools of low-uniformity endo-siRNA clusters. In addition to miRNAs, a 
number of other biologically significant high-uniformity clusters are identified and 
characterised here and in Chapter 4 of this thesis. 
 
 3.1.4 RNAi in A. queenslandica 
 
 Here I use RNAiTool (see Chapter 2) to survey the small RNA components of the 
three major RNAi pathways in the sponge A. queenslandica. Large populations of endo-
siRNAs and piRNAs are identified and their genomic arrangements are determined to 
provide clues regarding their possible functions. Through the use of the uniformity index, 
new miRNAs are identified as are likely dual-function snoRNAs and tRNAs. A population 
of clusters that show characteristics of both endo-siRNAs and miRNAs - clusters with 
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uniformity indices reminiscent of miRNAs but which fail in at least one important criterion 
for miRNA annotation (Ambros et al. 2003), were also identified. Taken together, these 
results demonstrate the complex nature of posttranscriptional RNA interference in an early 
branching metazoan and provide an outline for future studies into the evolution of these 
systems within animals. 
 
3.2 Results 
 
3.2.1 RNA-dependent RNA Polymerase (RdRP) Search 
 
The RNAi system of the LECA is thought to have required three basic protein 
components – a member of the Argonaute protein family, the class II RNAse III enzyme 
Dicer and an RNA-dependent RNA polymerse (RdRP) (Shabalina and Koonin 2008). Of 
these, only RdRP has not been documented in A. queenslandica or in any other sponge. 
 
Two approaches were employed to search for RdRP genes in A. queenslandica: (1) 
Using RdRP protein sequences from various species to BLAST (Altschul et al. 1990) 
search against A. queenslandica translated gene models and (2) the HMMSearch function 
of the HMMER software package (Eddy 2009) in conjunction with Pfam hidden markov 
models (HMMs) of the RdRP domain (PF05183.7) (Finn et al. 2010). Neither approach 
was successful in identifying an RdRP gene from A. queenslandica. While not an essential 
component of the endo-siRNA machinery, RdRP allows for the amplification of the 
silencing signal through the production of secondary siRNAs from the targets of primary 
siRNAs (Dougherty and Parks 1995, Sijen et al. 2001, 2007). In the nematode 
Caenorhabditis elegans, RdRP is directed to the target transcripts of primary endo-
siRNAs. There it performs second-strand synthesis of the primary endo-siRNA target to 
produce a population of secondary endo-siRNAs that are antisense to the target of the 
primary endo-siRNAs (Fire et al. 1998, Sijen et al. 2001, 2007). With no such capacity, it 
would not be expected that A. queenslandica could produce secondary endo-siRNAs 
following second-strand synthesis of primary endo-siRNA targets. 
 
3.2.2 Small RNA Datasets 
 
Total RNA from four critical stages – adult, juvenile, competent larvae and pre-
competent larvae - of A. queenslandica development (Adamska et al. 2007) were obtained 
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from individuals collected from Heron Island Reef on the southern Great Barrier Reef, 
Australia and prepared for small RNA sequencing on an Illumina HiSeq 2000. After 
processing the raw sequencing data and mapping the resultant small RNA libraries to the 
A. queenslandica genome (see Methods), read-length distributions were calculated 
(Figure 3.2, Appendix B: Table S3.1). The most dominant reads in these libraries 
correspond in size to typical endo-siRNAs/miRNAs (21-22 nt). In all but the juvenile library, 
a second broader peak corresponding in size to piRNAs (27-28 nt) is also evident. 
Figure	  3.2.	  Read	  length	  distributions	  of	  mapped	  small	  RNA	  libraries.	  Mappers	  considers	  only	  a	  single	  copy	  of	  each	  distinct	  small	  RNA	  sequence	  and	  Counts	  considers	  every	  sequenced	  copy	  of	  every	  unique	  small	  RNA.	  All	  mapped	  reads	   including	  those	  that	  map	  to	  multiple	   loci	  within	  the	  genome	  (so-­‐called	  multi-­‐mappers)	  up	  to	  a	  maximum	  of	  50	  times	  are	  shown.	  Read	  length	  distributions	  of	  those	  reads	  that	  map	  to	  only	  a	  single	  location	  within	  the	  genome	  (so-­‐called	  uniques)	  can	  be	  seen	  in	  Appendix	  B:	  Figure	  S3.1.	  (A)	  Adult,	  (B)	  Juvenile,	  (C)	  Competent	  Larvae,	  (D)	  Pre-­‐Competent	  Larvae. 
 
 The read-length distribution of those reads that map to a single location in the 
genome (so-called uniques) was also analysed (Appendix B: Figure S3.1) and a similar 
pattern was found. The benefit of uniquely mapping reads is that their location of origin 
can be known while for multi-mapping reads, it can not be known from which mapped 
location the sequenced read originated. Despite this, multi-mapping reads are often of 
significant biological importance as they commonly derive from, and function in, the 
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regulation of repetitive genomic elements. For this reason, all subsequent analyses were 
conducted in parallel on multi-mapper and unique datasets. 
 
3.2.3 RNAi complement 
 
The RNAi complement of each dataset was assessed following annotation with 
RNAiTool (described in Chapter 2). To ensure that clusters generated by RNAiTool were 
not solely a result of varying sequencing depth, the numbers of clusters of incrementally 
increasing depth (number of reads used to identify each cluster) were plotted (Figure 3.3). 
If sequencing depth had been inadequate, clusters composed of only a few reads would 
be most abundant and a smooth decrease of the number of clusters of increasingly larger 
depth would be expected. While the numbers of clusters of increasingly larger depth do 
become less frequent, the staggered and imperfect nature of the trend combined with 
peaks in abundance of five read clusters rather than the minimum of three (as specified by 
RNAiTool, see Chapter 2), provides confidence that the clusters that have been 
generated do represent biologically significant groups of small RNAs. 
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Figure	   3.3	   The	   100	   shallowest	   cluster	   depths	   and	   the	   number	   of	   clusters	   that	   fall	   within	   each.	   All	  putative	  endo-­‐siRNA	  clusters	  from	  all	  four	  developmental	  stages	  were	  combined	  for	  this	  analysis.	  	  (A)	  unique	  clusters	  and	  (B)	  multi-­‐mapping	  clusters.	  The	  first	  bar	  in	  each	  graph	  represents	  a	  cluster	  depth	  of	  3.	  
 
3.2.4 High-uniformity index-possessing endo-siRNA Clusters 
 
Analysis of the uniformity index of clusters made principally of small RNAs in the 
20-22 nt size range reveals two distinct populations that correspond to miRNAs and endo-
siRNAs (Figure 3.4, Appendix B: Figure S3.2). Known miRNA clusters (in red) possess 
consistently high-uniformity indices while the majority of the endo-siRNA clusters (in blue) 
show low-uniformity indices that fit tightly to an exponential trend. In addition to these 
previously reported miRNAs, a number of unannotated clusters also display uniformity 
indices substantially exceeding that of the bulk of endo-siRNA clusters. 
Figure	  3.4.	  Mappers	  versus	  counts	  for	  all	  clusters	  in	  the	  endo-­‐siRNA/miRNA	  size	  range.	  Clusters	  are	  constructed	  from	  all	  reads	  including	  those	  multi-­‐mapping	  to	  the	  genome	  up	  to	  50	  times.	  Red	  data	  points	  refer	  to	  clusters	  corresponding	  to	  previously	  annotated	  miRNAs.	  Blue	  points	  denote	  clusters	  within	  the	  endo-­‐siRNA/miRNA	  size	  range	  that	  have	  not	  been	  previously	  identified.	  (A)	  Adult,	  (B)	  Juvenile,	  (C)	  Competent	  Larvae,	  (D)	  Pre-­‐Competent	  Larvae. 
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All multi-mapping clusters with a uniformity index in excess of 10 were further 
subjected to secondary structure analysis as a means to identify potential novel miRNAs. 
This cut off value was selected based on the observation that the uniformity index of most 
clusters that produce reads in the 20-22 nt size range fall under this value (Figure 3.4). 
Accurate determination of the optimal threshold uniformity index to optimize the ratio or 
true positives to false positives requires testing on a well-characterised dataset. This will 
be included in future iterations of RNAiTool once this dataset has been obtained, in the 
mean time, the chosen value of 10 resulted in a manageable and informative subset of 
high-uniformity clusters.  
 
Across all four datasets, 94 clusters consisting of 29 unique dominant reads with 
uniformity indices of 10 or greater were investigated further. Six clusters were determined 
to be new, previously undescribed miRNAs. These are discussed in section 3.2.6. Through 
the intersection of the developmentally normalised clusters (output from 
endo_normaliser.sh as described in Chapter 2 of this thesis), four clusters were 
determined to represent likely dual-function primary transcripts that encode transfer RNAs 
(tRNAs) or small nucleolar RNAs (snoRNAs) as well as abundant small RNA populations 
(Scott and Ono 2011, Maute et al. 2013). A single normalised cluster (cluster.4550) that is 
most highly expressed in the juvenile dataset (and then in the adult), lies in the sense 
orientation with an isoleucine (Ile) tRNA (Contig13314:30608-30690) that was predicted 
using tRNAscan-SE and confirmed by BLAST search against the Genomic tRNA 
Database (GtRNAdb) (Lowe and Eddy 1997, Chan and Lowe 2009). This is detailed in 
section 3.2.7. Three high-uniformity clusters (cluster.44728, cluster.7071, cluster.1770) 
were also annotated as snoRNAs by snoSeeker (Yang et al. 2006). In addition, two more 
clusters were determined to most likely represent a single ribosome-derived miRNA and 
this is discussed in detail in Chapter 5.  
 
Many of the dominant reads of clusters with high-uniformity indices are multi-
mapping, therefore multiple clusters with high-uniformity indices are predicted to produce 
the same dominant read. Of the remaining 84 high-uniformity index-possessing clusters, 
54 are dominated by just four distinct reads. Within groups of clusters that share a 
dominant read, variability often exists between the predicted secondary structures of each. 
The location of these related clusters is also disparate. The largest group of related high-
uniformity clusters totals 24 and of these, only two are located on the same genomic 
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scaffold. The consequence of highly multi-mapping high-uniformity index-possessing 
clusters is that it is impossible to discern the true origin of the putative dominant read, 
rendering secondary structure analysis of these clusters uninformative. For this reason, 
clusters with high-uniformity indices that map to more than four genomic locations were 
not subjected to further analysis. 
 
The putative primary transcripts of several clusters with high-uniformity indices are 
predicted to fold to form the type of long, near-perfect hairpins typical of endo-siRNAs, 
however the level of asymmetry in the distribution of their constituent mapped small RNAs 
approaches that of miRNAs. Figure 3.5 illustrates three such clusters, none of which 
match the secondary structure required for canonical miRNA annotation but which still 
produce single highly abundant reads. The dominant reads from all of these clusters map 
to multiple locations, bringing into question their true locus of origin. Other shorter high-
uniformity clusters also failed annotation as miRNAs due to problems with their predicted 
secondary structures. A summary of all 94 high-uniformity clusters can be found in Table 
1. 
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Figure	   3.5	  Wiggle	   plots	   and	   secondary	   structures	   for	  miRNA-­‐like	   endo-­‐siRNAs.	   (A)	   Cluster	   106395	  (Contig9459:16-­‐366)	   with	   mapped	   reads	   from	   juvenile.	   (B)	   Cluster	   100929	   (Contig6469:427-­‐561)	  with	  mapped	  reads	  from	  adult.	  Cluster	  28528	  (Contig13092:10604-­‐10798)	  with	  mapped	  reads	  from	  pre-­‐competent	  larvae.	  Highlighted	  in	  red	  are	  the	  regions	  corresponding	  to	  the	  dominant	  read	  for	  each.	  
 
 	  Table	   3.1	   Details	   of	   all	   high-­‐uniformity	   clusters	   in	  A.	   queenslandica.	   For	   each	   cluster,	   the	   dominant	  read	   with	   the	   highest	   expression	   from	   one	   of	   the	   four	   developmental	   datasets	   was	   chosen	   as	  representative.	  Those	   clusters	  with	   (x2)	   in	   the	  Dominant	   read-­‐length	   column	  possess	   two	   sites	   that	  encode	  the	  same	  dominant	  read.	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Cluster	  Name	   Scaffold	   Start	   Stop	  
Dominant	  
read-­‐length	  
Multi-­‐
mapping	   Strand	   Dominant	  read	   Comments	  
cluster.106252	   Contig9412	   3324	   3554	   21	   19	   +	   Adult_Sponge_11168_237_21	   Highly	  multi-­‐mapping	  
cluster.10773	   Contig12225	   6050	   6177	   21	   19	   -­‐	   Adult_Sponge_11168_237_21	   Highly	  multi-­‐mapping	  
cluster.21719	   Contig12924	   38861	   38989	   21	   19	   +	   Adult_Sponge_11168_237_21	   Highly	  multi-­‐mapping	  
cluster.36102	   Contig13210	   4968	   5198	   21	   19	   +	   Adult_Sponge_11168_237_21	   Highly	  multi-­‐mapping	  
cluster.37284	   Contig13226	   48543	   48604	   21	   19	   -­‐	   Adult_Sponge_11168_237_21	   Highly	  multi-­‐mapping	  
cluster.49260	   Contig13348	   43680	   43870	   21	   19	   +	   Adult_Sponge_11168_237_21	   Highly	  multi-­‐mapping	  
cluster.54407	   Contig13387	   194180	   194364	   21	   19	   -­‐	   Adult_Sponge_11168_237_21	   Highly	  multi-­‐mapping	  
cluster.74236	   Contig13483	   120048	   120398	   21	  (x2)	   19	   -­‐	   Adult_Sponge_11168_237_21	   Highly	  multi-­‐mapping	  
cluster.94891	   Contig1594	   1	   146	   21	   19	   -­‐	   Adult_Sponge_11168_237_21	   Highly	  multi-­‐mapping	  
cluster.100600	   Contig6233	   987	   1060	   21	   4	   +	   Adult_Sponge_17226_155_21	   Highly	  multi-­‐mapping	  
cluster.10939	   Contig12244	   7790	   7866	   21	   16	   +	   Adult_Sponge_25201_109_21	   Highly	  multi-­‐mapping	  
cluster.100929	   Contig6469	   427	   561	   21	   2	   -­‐	   Adult_Sponge_2728_855_21	   Long,	  high	  complementarity	  
cluster.25013	   Contig13011	   4033	   4167	   21	   2	   +	   Adult_Sponge_2728_855_21	   Long,	  high	  complementarity	  
cluster.65390	   Contig13450	   138872	   138956	   21	   2	   -­‐	   Adult_Sponge_33455_84_21	   Dominant	  read	  within	  loop	  
cluster.96100	   Contig2641	   612	   661	   21	   2	   -­‐	   Adult_Sponge_33455_84_21	   Dominant	  read	  within	  loop	  
cluster.18730	   Contig12794	   18010	   18111	   20	   1	   +	   Adult_Sponge_352_5402_20	   Large	  internal	  bulge	  
cluster.44065	   Contig13296	   81094	   81267	   21	   11	   -­‐	   Adult_Sponge_42505_68_21	   Highly	  multi-­‐mapping	  
cluster.87154	   Contig13514	   269500	   269592	   21	   11	   -­‐	   Adult_Sponge_42505_68_21	   Highly	  multi-­‐mapping	  
cluster.44728	   Contig13304	   69008	   69086	   20	   5	   -­‐	   Adult_Sponge_4643_537_20	   snoRNA	  -­‐	  CD	  Box	  
cluster.7071	   Contig11734	   4745	   4830	   20	   5	   +	   Adult_Sponge_4643_537_20	   snoRNA	  -­‐	  CD	  Box	  
cluster.48906	   Contig13345	   28987	   29068	   21	   7	   -­‐	   Adult_Sponge_47525_61_21	   Highly	  multi-­‐mapping	  
cluster.100208	  	   Contig5930	   444	   585	   21	   12	   -­‐	   Adult_Sponge_7400_350_21	   Highly	  multi-­‐mapping	  
cluster.23149	   Contig12964	   53371	   53459	   21	   12	   -­‐	   Adult_Sponge_7400_350_21	   Highly	  multi-­‐mapping	  
cluster.4061	   Contig11144	   740	   834	   21	   12	   -­‐	   Adult_Sponge_7400_350_21	   Highly	  multi-­‐mapping	  
cluster.409	   Contig10124	   142	   233	   21	   12	   -­‐	   Adult_Sponge_7400_350_21	   Highly	  multi-­‐mapping	  
cluster.5295	   Contig11410	   8937	   8989	   21	   12	   +	   Adult_Sponge_7400_350_21	   Highly	  multi-­‐mapping	  
cluster.57377	   Contig13408	   56233	   56313	   21	   12	   +	   Adult_Sponge_7400_350_21	   Highly	  multi-­‐mapping	  
cluster.67758	   Contig13459	   251785	   251865	   21	   12	   +	   Adult_Sponge_7400_350_21	   Highly	  multi-­‐mapping	  
cluster.81257	   Contig13501	   464797	   464880	   21	   12	   +	   Adult_Sponge_7400_350_21	   Highly	  multi-­‐mapping	  
cluster.9146	   Contig12039	   3885	   3979	   21	   12	   -­‐	   Adult_Sponge_7400_350_21	   Highly	  multi-­‐mapping	  
cluster.95924	   Contig2506	   1219	   1301	   21	   12	   +	   Adult_Sponge_7400_350_21	   Highly	  multi-­‐mapping	  
cluster.35228	   Contig13197	   106957	   107087	   21	   3	   +	   Juv_Sponge_1100_1741_21	   Novel	  miRNA	  -­‐	  sponge	  like	  
cluster.45540	   Contig13314	   30608	   30690	   20	   1	   +	   Juv_Sponge_185_5544_20	   tRNA	  
cluster.103994	   Contig8335	   571	   676	   20	   13	   +	   Juv_Sponge_196_5315_20	   Highly	  multi-­‐mapping	  
cluster.106519	   Contig9511	   610	   844	   20	   13	   +	   Juv_Sponge_196_5315_20	   Highly	  multi-­‐mapping	  
cluster.20212	   Contig12871	   7314	   7403	   20	   13	   -­‐	   Juv_Sponge_196_5315_20	   Highly	  multi-­‐mapping	  
cluster.23475	   Contig12972	   25060	   25151	   20	   13	   -­‐	   Juv_Sponge_196_5315_20	   Highly	  multi-­‐mapping	  
cluster.27172	   Contig13064	   60693	   60796	   20	   13	   -­‐	   Juv_Sponge_196_5315_20	   Highly	  multi-­‐mapping	  
cluster.36225	   Contig13212	   9112	   9213	   20	   13	   -­‐	   Juv_Sponge_196_5315_20	   Highly	  multi-­‐mapping	  
cluster.43474	   Contig13289	   3238	   3316	   20	   13	   +	   Juv_Sponge_196_5315_20	   Highly	  multi-­‐mapping	  
cluster.52137	   Contig13370	   152118	   152220	   20	   13	   +	   Juv_Sponge_196_5315_20	   Highly	  multi-­‐mapping	  
cluster.54555	   Contig13388	   180732	   180832	   20	   13	   -­‐	   Juv_Sponge_196_5315_20	   Highly	  multi-­‐mapping	  
cluster.79263	   Contig13497	   104271	   104290	   20	   13	   -­‐	   Juv_Sponge_196_5315_20	   Highly	  multi-­‐mapping	  
cluster.84199	   Contig13508	   44176	   44281	   20	   13	   -­‐	   Juv_Sponge_196_5315_20	   Highly	  multi-­‐mapping	  
cluster.96634	   Contig3092	   1035	   1145	   20	   13	   +	   Juv_Sponge_196_5315_20	   Highly	  multi-­‐mapping	  
cluster.97151	   Contig3541	   625	   730	   20	   13	   -­‐	   Juv_Sponge_196_5315_20	   Highly	  multi-­‐mapping	  
cluster.52968	   Contig13375	   198919	   199004	   21	   1	   -­‐	   Juv_Sponge_6420_384_21	   Novel	  miRNA	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cluster.106395	   Contig9459	   16	   366	   21	   2	   +	   Juv_Sponge_7155_345_21	   Long,	  high	  complementarity	  
cluster.83961	   Contig13507	   279003	   279408	   21	   2	   -­‐	   Juv_Sponge_7155_345_21	   Long,	  high	  complementarity	  
cluster.84506	   Contig13508	   412316	   412505	   20	   1	   -­‐	   Comp_Sponge_3154_931_19	   Large	  internal	  bulge	  
cluster.64398	   Contig13445	   109644	   109720	   20	   2	   +	   Comp_Sponge_494_4055_20	   Poor	  folding	  
cluster.19860	   Contig12857	   1424	   1536	   21	   2	   -­‐	   PreComp_Sponge_1_591558_21	   Novel	  miRNA	  –	  REm-­‐1	  
cluster.98403	   Contig4577	   570	   659	   21	   2	   -­‐	   PreComp_Sponge_1_591558_21	   Novel	  miRNA	  –	  REm-­‐1	  
cluster.78522	   Contig13495	   18973	   19073	   21	   12	   -­‐	   PreComp_Sponge_11896_340_21	   Highly	  multi-­‐mapping	  
cluster.98406	   Contig4578	   1401	   1531	   21	   12	   +	   PreComp_Sponge_11896_340_21	   Highly	  multi-­‐mapping	  
cluster.99916	   Contig571	   62	   211	   21	   12	   +	   PreComp_Sponge_11896_340_21	   Highly	  multi-­‐mapping	  
cluster.26831	   Contig13055	   30145	   30237	   22	   7	   +	   PreComp_Sponge_14945_259_22	   Highly	  multi-­‐mapping	  
cluster.28235	   Contig13086	   83580	   83671	   22	   7	   -­‐	   PreComp_Sponge_14945_259_22	   Highly	  multi-­‐mapping	  
cluster.36767	   Contig13219	   75448	   75550	   22	   7	   -­‐	   PreComp_Sponge_14945_259_22	   Highly	  multi-­‐mapping	  
cluster.89993	   Contig13518	   140717	   140914	   21	   19	   +	   PreComp_Sponge_14945_259_22	   Highly	  multi-­‐mapping	  
cluster.42605	   Contig13280	   40204	   40316	   21	   1	   -­‐	   PreComp_Sponge_20099_178_21	   Highly	  multi-­‐mapping	  
cluster.107586	   Contig9894	   4403	   4562	   21	   3	   +	   PreComp_Sponge_2539_1722_21	   Long,	  high	  complementarity	  
cluster.28528	   Contig13092	   10604	   10798	   21	   3	   -­‐	   PreComp_Sponge_2539_1722_21	   Long,	  high	  complementarity	  
cluster.64919	   Contig13448	   48388	   48571	   21	   3	   -­‐	   PreComp_Sponge_2539_1722_21	   Orphan	  pile	  -­‐	  no	  passenger	  
cluster.4285	   Contig11193	   2484	   2566	   21	   34	   +	   PreComp_Sponge_27731_117_21	   Highly	  multi-­‐mapping	  
cluster.101703	   Contig6974	   1889	   1978	   21	   31	   -­‐	   PreComp_Sponge_2845_1547_21	   Highly	  multi-­‐mapping	  
cluster.13051	   Contig12452	   203	   316	   21	   31	   +	   PreComp_Sponge_2845_1547_21	   Highly	  multi-­‐mapping	  
cluster.13997	   Contig12529	   17869	   17952	   21	   31	   +	   PreComp_Sponge_2845_1547_21	   Highly	  multi-­‐mapping	  
cluster.14148	   Contig12541	   14320	   14410	   21	   31	   +	   PreComp_Sponge_2845_1547_21	   Highly	  multi-­‐mapping	  
cluster.15000	   Contig12603	   9866	   10014	   21	   31	   -­‐	   PreComp_Sponge_2845_1547_21	   Highly	  multi-­‐mapping	  
cluster.15001	   Contig12603	   10769	   10866	   21	   31	   +	   PreComp_Sponge_2845_1547_21	   Highly	  multi-­‐mapping	  
cluster.17674	   Contig12742	   15644	   15735	   21	   31	   +	   PreComp_Sponge_2845_1547_21	   Highly	  multi-­‐mapping	  
cluster.20991	   Contig12900	   266	   369	   21	   31	   +	   PreComp_Sponge_2845_1547_21	   Highly	  multi-­‐mapping	  
cluster.22720	   Contig12954	   8365	   8548	   21	   31	   +	   PreComp_Sponge_2845_1547_21	   Highly	  multi-­‐mapping	  
cluster.25990	   Contig13036	   48792	   48882	   21	   31	   -­‐	   PreComp_Sponge_2845_1547_21	   Highly	  multi-­‐mapping	  
cluster.37599	   Contig13229	   76885	   76969	   21	   31	   -­‐	   PreComp_Sponge_2845_1547_21	   Highly	  multi-­‐mapping	  
cluster.4574	   Contig11260	   8414	   8551	   21	   31	   +	   PreComp_Sponge_2845_1547_21	   Highly	  multi-­‐mapping	  
cluster.49038	   Contig13346	   82818	   82908	   21	   31	   -­‐	   PreComp_Sponge_2845_1547_21	   Highly	  multi-­‐mapping	  
cluster.65460	   Contig13450	   249217	   249693	   21	  (x2)	   31	   +	   PreComp_Sponge_2845_1547_21	   Highly	  multi-­‐mapping	  
cluster.6966	   Contig11716	   2354	   2826	   21	  (x2)	   31	   +	   PreComp_Sponge_2845_1547_21	   Highly	  multi-­‐mapping	  
cluster.71867	   Contig13475	   255988	   256400	   21	   31	   +	   PreComp_Sponge_2845_1547_21	   Highly	  multi-­‐mapping	  
cluster.94478	   Contig13522	   1625756	   1626142	   21	  (x2)	   31	   +	   PreComp_Sponge_2845_1547_21	   Highly	  multi-­‐mapping	  
cluster.94647	   Contig1382	   1063	   1154	   21	   31	   -­‐	   PreComp_Sponge_2845_1547_21	   Highly	  multi-­‐mapping	  
cluster.96096	   Contig264	   781	   866	   21	   31	   -­‐	   PreComp_Sponge_2845_1547_21	   Highly	  multi-­‐mapping	  
cluster.96289	   Contig2804	   210	   311	   21	   31	   +	   PreComp_Sponge_2845_1547_21	   Highly	  multi-­‐mapping	  
cluster.96694	   Contig3148	   1186	   1275	   21	   31	   -­‐	   PreComp_Sponge_2845_1547_21	   Highly	  multi-­‐mapping	  
cluster.96991	   Contig341	   619	   711	   21	   31	   -­‐	   PreComp_Sponge_2845_1547_21	   Highly	  multi-­‐mapping	  
cluster.9823	   Contig12125	   14432	   14529	   21	   31	   +	   PreComp_Sponge_2845_1547_21	   Highly	  multi-­‐mapping	  
cluster.99758	   Contig56	   9	   443	   21	  (x2)	   31	   +	   PreComp_Sponge_2845_1547_21	   Highly	  multi-­‐mapping	  
cluster.48488	   Contig13341	   120363	   120456	   21	   1	   -­‐	   PreComp_Sponge_31572_99_21	   Novel	  miRNA	  
cluster.1770	   Contig10507	   2270	   2405	   20	   1	   +	   PreComp_Sponge_4731_944_20	   snoRNA	  -­‐	  HACA	  
cluster.42118	   Contig13275	   22959	   23078	   21	   2	   +	   PreComp_Sponge_6818_640_21	   Poor	  folding	  
cluster.14881	   Contig12593	   13508	   13639	   22	   1	   +	   PreComp_Sponge_8053_532_22	   Novel	  miRNA	  
cluster.19099	   Contig12812	   18548	   18622	   20	   1	   +	   PreComp_Sponge_8630_491_20	   Poor	  folding	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3.2.5 Novel miRNA annotation 
 
Making up the bulk of 20-22 nt clusters from most datasets, endo-siRNAs rarely 
have a uniformity index greater than 10 while miRNA cluster efficiencies regularly exceed 
this value by up to two orders of magnitude (Figure 3.4). My analysis revealed that one 
high-uniformity cluster was a second copy of the previously annotated miR-2016 located 
just over 1kb from the original copy. Interestingly, it is miR-2016 that was identified as the 
most abundant miRNA by Grimson et al. (2008), outnumbering the next most abundant 
miRNA by just over a factor of two. As the small RNAs that map to miR2016 map perfectly 
to both loci, it is not possible to determine with these data alone whether both copies are 
transcribed. The first line of evidence for transcription of both loci comes from the second 
copy of miR-2016, from this point on referred to as miR-2016b (miR-2016a for the 
original), which has uniquely mapping small RNAs that correspond to its putative 
passenger strand.  
 
To confirm that both copies are transcribed, Rapid Amplification of cDNA Ends 
(RACE) PCR was performed followed by Sanger sequencing (Sanger et al. 1977) with the 
products mapped to the genome (Figure 3.6). While full-length sequences from these loci 
were not obtained, I was able to confirm the transcription of both miR-2016 loci. It remains 
unknown whether both miRNA hairpins are cleaved from a single transcript or whether 
each is under separate promoter control. RACE fragments of pri-miRNA transcripts were 
obtained for all previously annotated miRNAs apart from miR-2014 (Appendix B: Figure 
S3.3). 
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  Figure	  3.6.	  The	  region	  of	   the	  sponge	  genome	  hosting	   the	   two	  copies	  of	  miR-­‐2016	  taken	   from	  a	   local	  mirror	  of	  the	  UCSC	  genome	  browser	  (Kuhn	  et	  al.	  2013).	  In	  blue	  are	  annotated	  coding	  genes.	  In	  red	  is	  the	   location	  of	  miR-­‐2016a	  pre-­‐miRNA	  as	  annotated	  by	  Grimson	  et	  al.	   (2008).	   In	  pink	  are	   the	  Sanger	  sequenced	  (Sanger	  et	  al.	  1977)	  RACE	  products	  mapped	  to	  the	  genome	  with	  BLAT	  (Kent	  2002).	  Below	  this	  are	  wiggle	  plots	  of	  small	  RNA	  expression	  from	  each	  small	  RNA	  library. 	  
Of the remaining high-uniformity clusters, it was determined that six of these are 
likely new miRNAs owing to their compliance with the characteristics set out for novel 
miRNA annotation (Ambros et al. 2003, Kozomara and Griffiths-Jones 2011) and with what 
has been demonstrated for previously annotated miRNAs from this species (Grimson et al. 
2008). Details of these can be seen in Figure 3.7. Interestingly, four of the six new miRNAs 
more closely resemble the short-form miRNAs common to eumetazoans rather than the 
long-form miRNAs that were previously described for A. queenslandica (Grimson et al. 
2008). The remaining two (cluster.14881, cluster.42605, see Table 3.1) are longer than 
canonical eumetazoan miRNAs however they also differ from the previously described 
long-form miRNAs from this species as they are relatively lowly expressed and the 3’ ends 
of their dominant reads terminate within a single-stranded region (a large internal bulge), 
rather than residing entirely within the double-stranded stem. An investigation into the 
thermodynamic properties of the long-form miRNAs from A. queenslandica can be found 
in Chapter 6. 
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 Figure	  3.7.	  Wiggle	  plots	   and	   secondary	   structures	   for	  novel	   sponge	  miRNAs.	   (A)	   cluster.14881	  with	  mapped	  reads	  from	  pre-­‐competent	  larvae.	  (B)	  cluster.42605	  with	  mapped	  reads	  from	  pre-­‐competent	  larvae.	   (C)	   cluster.52968	  with	  mapped	   reads	   from	   juvenile.	   (D)	   cluster.100600	  with	  mapped	   reads	  from	  adult.	  (E)	  cluster.35228	  with	  mapped	  reads	  from	  juveniles.	  (F)	  cluster.48488	  with	  mapped	  reads	  from	   pre-­‐competent	   larvae.	   The	   regions	   corresponding	   to	   the	   mature	   miRNA	   of	   each	   locus	   are	  highlighted	  in	  red.	  See	  Table	  3.1	  for	  the	  genomic	  location	  of	  each	  cluster.	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3.2.6 miRNA-like high-uniformity index possessing 5’ tRNA fragments 
 
While no miRNAs, including the expanded set of miRNAs detailed in section 3.2.5, 
are shared between sponges and any other animal phyla, a BLAST search of the 
miRBase database with the A. queenslandica Ile tRNA-derived high-uniformity index 
possessing small RNA (Table 3.1) produced five convincing hits. Four of these hits were 
from vertebrates while the fifth was from the plant Populus trichocarpa. When all six pre-
miRNA sequences were aligned to the Strongylocentrotus purpuratus Ile from the 
GtRNAdb (Chan and Lowe 2009) (selected as it was the most similar to the A. 
queenslandica Ile from the GtRNAdb), the same 11nt of each sequence aligned perfectly 
(Figure 3.8). Conservation of the seed regions of the miRNAs was low. None of the 
previously reported miRNAs were identified by their discoverers as tRNA-derived and all 
entries in miRBase show canonical miRNA hairpin secondary structures rather than the 
clover shape typical of tRNAs (Glazov et al. 2008, Fehniger et al. 2010, Spierings et al. 
2011, Puzey et al. 2012, Meunier et al. 2013). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure	  3.8	  tRNA	  matching	  miRNAs.	  The	  dominant	  read	  from	  A.	  queenslandica	  tRNA	  cluster.45540	  was	  used	   to	   search	   the	  miRBase	  miRNA	  database,	   resulting	   in	   five	   convincing	  hits	   (A).	  Alignment	   of	   the	  pre-­‐miRNA	  sequences	  of	   these	  miRNAs	  with	   the	  consensus	   tRNA	  sequence	  shows	  high	  homology	  at	  the	  3’	  end	  (B).	  Boxes	  enclose	  mature	  miRNA	  sequences.	  Spu	  –	  Stongylocentrotus	  purpuratus,	  Aqu	  –	  A.	  
queenslandica,	   gga	   –	   Gallus	   gallus,	   ptc	   -­‐	   Populus	   trichocarpa,	   mmu	   –	  Mus	  musculus,	  mml	   –	  Macaca	  
mulatta.	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3.2.7 piRNA and endo-siRNA annotation 
  
Unlike miRNA/endo-siRNA clusters, no clear separation of high-uniformity and low-
uniformity clusters exists for those in the piRNA size range. Rather, a continuous range of 
efficiencies is found, the highest of which are substantial. Asymmetric distribution of small 
RNAs across piRNA clusters has previously been documented with suggestions that an as 
yet unknown bias may exist in either the selection of cleavage sites by primary catalytic 
enzymes or in effector protein preference for particular sequences (Aravin et al. 2007a). I, 
too, observe large asymmetries in the distribution of small RNAs over some piRNA 
clusters and it is those clusters that display higher efficiencies (Figure 3.9, Appendix B: 
Figure S3.4). 
 
Figure	  3.9.	  Mappers	  versus	  counts	  for	  all	  clusters	  in	  the	  piRNA	  size	  range.	  Clusters	  were	  constructed	  from	  all	  reads	  including	  those	  multi-­‐mapping	  to	  the	  genome	  up	  to	  50	  times.	  (A)	  Adult,	  (B)	  Juvenile,	  (C)	  Competent	  Larvae,	  (D)	  Pre-­‐Competent	  Larvae.	  
 
Nucleotide biases of putative endo-siRNA and piRNA clusters are also consistent 
with what has been observed for such clusters in other species (Figure 3.10).  
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 Figure	  3.10	  Nucleotide	  biases	  along	   the	   length	  of	   endo-­‐siRNAs	   (left)	   and	  piRNAs	   (right).	  For	  endo-­‐siRNAs,	   the	  dominant	   read	   from	  each	  cluster	  was	  used	   to	  construct	   these	  WebLogos	  while	   for	  piRNAs,	  all	  25-­‐30nt	  reads	  from	  piRNA	  clusters	  were	  used.	  The	  adenosine	  bias	  at	  position	  10	  is	  futher	  obscured	  when	  information	  content	  rather	  than	  probability	  is	  plotted	  on	  the	  y	  axis	  (Schneider	  1972).	  (A)	  Adult,	  (B)	  Juvenile,	  (C)	  Competent	  Larvae,	  (D)	  Pre-­‐Competent	  Larvae. 
 
Both endo-siRNA reads and piRNA reads show biases towards a uracil at position 
one (5’ end) while piRNA cluster reads also have a slight bias for an adenosine at position 
ten, consistent with the ping-pong piRNA biogenesis signature (Gunawardane et al. 2007, 
Brennecke et al. 2007). The bias for an adenosine at the tenth nucleotide position is weak 
(Figure 3.10), however this situation is consistent with previous observations that 
secondary piRNAs (those that possess a position 10 adenosine) more commonly align to 
the sense strand. It is also consistent with the observation presented here (Figure 3.12) 
that most piRNAs in A. queenslandica align to the antisense strand of genomic features 
such as transposons.  
	  	   60	  
 
Figure 3.11 outlines the proportion of the mapped small RNAs deriving from 
clusters assigned to each RNAi class for each developmental stage. The analysis was 
able to assign between 26% and 50% of small RNAs from each library to one of the three 
RNAi classes, leaving the majority of mapped small RNAs unassigned. The reasons for 
this are likely twofold: (1) not all small RNAs are components of an RNAi pathway and (2) 
the stringent criteria adopted here for assigning small RNA clusters likely results in a 
significant numbers of false negatives for endo-siRNA and piRNA cluster annotation. 
Regardless, the clusters that have been identified can be assigned with high confidence to 
specific RNAi pathways and show unique signatures characteristic of these pathways. 
While endo-siRNAs are numerous (Figure 3.4), their overall contributions to the small RNA 
libraries are low.  
 
 
 
 
 
 
 
 
 
 
 Figure	  3.11	  Library	  contributions	  from	  endo-­‐siRNAs,	  miRNAs	  and	  piRNAs.	  Only	  one	  instance	  of	  each	  multi-­‐mapping	  read	  was	  counted	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3.2.8. Genomic Context of endo-siRNA and piRNA expression 
 
To determine the genomic context from which endo-siRNAs and piRNAs derive, the 
genomic positions of small RNA clusters were intersected with those of annotated 
transposons or with the individual components of coding genes. These elements included 
coding exons, coding introns, coding 5’ untranslated regions (5’ UTRs), coding 3’ 
untranslated regions (3’ UTRs), known transposons (homology to repBase entries) and 
unknown transposons (no homology to repBase entries) (see Methods). Annotation of 
endo-siRNA and piRNA clusters as deriving from any one of these elements, required it to 
overlap with the element by at least 51% of its length. Those that did not align to a defined 
element by at least 51% of its length were deemed to be ‘intergenic’, however I 
acknowledge that some of these clusters may derive from other transcribed regions other 
than coding genes or transposons.  
 
The proportion of the A. queenslandica genome covered by these elements was 
also established. These results can be seen in the first column of each graph in Figure 
3.12. As detailed in Chapter 2, clusters produced from small RNAs that mapped 
predominantly to a single strand were themselves assigned that same strand while those 
that were produced reads from both strands were deemed bidirectional. The intersection 
performed for part A of Figure 3.12 did not require clusters to align sense to the genomic 
element under investigation while in part B, only those clusters that aligned sense were 
included. 
 
As has been reported for other species, significant populations of both endo-siRNAs 
and piRNAs arise from transposable elements in A. queenslandica (Figure 3.12). The 
proportion of both multi-mapping endo-siRNA and multi-mapping piRNAs mapping to 
either known or unknown transposons is relatively stable over developmental time despite 
changes in their overall contribution to the small RNA repertoire (Figure 3.11). Only unique 
endo-siRNA clusters are in the majority, sense with the genomic element to which they 
map. The lack of piRNA clusters that map sense to transposons and the subtle ping-pong 
piRNA biogenesis signature observed in Figure 3.10 shows that transposon mapping 
piRNAs in this species are predominantly antisense to their host element, as is the case 
for D. melanogaster (Brennecke et al. 2007). 
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A.	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 Figure	  3.12	  The	  proportion	  of	  endo-­‐siRNA	  and	  piRNA	  clusters	  that	  align	  to	  various	  genomic	  features	  across	  development.	  Total	  percentages	  slightly	  exceed	  100%	  as	  some	  regions	  are	  covered	  by	  more	  than	  one	  type	  of	  element.	  (A)	  clusters	  that	  align	  to	  genomic	  features	  in	  either	  direction,	  (B)	  clusters	  that	  only	  align	  to	  genomic	  features	  in	  the	  sense	  direction.	  
B.	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3.2.9 Thermodynamics of endo-siRNA and piRNA secondary structures 
 
The program Randfold (Bonnet et al. 2004) was used as part of RNAiTool (see 
Chapter 2) to test the likelihood that the secondary structures predicted to form from the 
precursors of endo-siRNAs and piRNAs could occur by chance. Briefly, Randfold 
compares the minimum free energy of the predicted secondary structure of a native 
sequence to the minimum free energies of randomised versions of itself. As an example, if 
a sequence was randomised one hundred times and of those, less than five 
randomisations produced minimum free energies lower than the native sequence, it can 
be interpreted with greater than 95% confidence that the predicted secondary structure of 
the native sequence is significantly more stable than a series of randomised versions of 
itself. The percentage of endo-siRNA and piRNA clusters, pooled across the four 
developmental libraries, with Randfold scores below 0.05 and 0.01, are illustrated in 
Figure 3.13.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure	  3.13.	  Randfold	  results	  for	  endo-­‐siRNA	  and	  piRNA	  clusters.	  Each	  bar	  represents	  the	  percentage	  of	  clusters	  with	  Randfold	  p	  values	  equal	  to	  or	  less	  than	  the	  values	  on	  the	  X-­‐axis.	  The	  more	  significant	  the	  p	  value,	  the	  more	  stable	  the	  secondary	  structure	  of	  the	  native	  sequence	  compared	  to	  randomised	  versions	  of	  itself.	  For	  each	  graph,	  the	  Randfold	  scores	  of	  either	  endo-­‐siRNAs	  or	  piRNAs	  are	  compared	  to	   the	   Randfold	   scores	   of	   all	   other	   clusters.	   All	   four	   developmental	   libraries	   were	   pooled	   for	   this	  analysis.	  
	  	   65	  
 
 For each library, Randfold scores were generated for either endo-siRNA or piRNA 
clusters and these were compared to all other clusters generated by RNAiTool. Figure 
3.12a demonstrates that the proxy transcripts of unique endo-siRNA clusters are no more 
significantly structured than the proxy transcripts of all the clusters produced by RNAiTool. 
Multi-mapping endo-siRNAs do show signs of significant secondary structure formation 
(Figure 3.13b) and surprisingly, so do both unique and multi-mapping piRNAs (Figure 
3.13c-d) despite evidence from other species that secondary structure does not play a part 
in piRNA biogenesis (Aravin et al. 2006, Girard et al. 2006, Lau et al. 2006). 
 
3.3 Discussion 
 
 3.3.1 RNAiTool output and the uniformity index  
 
 As discussed in Chapter 2, RNAiTool was able to identify all previously known 
miRNAs from a library of mapped small RNAs (Figure 3.4). It also revealed a consistent 
exponential relationship between the total number of reads and the number of distinct 
reads within an endo-siRNA cluster. This relationship is also true of piRNA clusters. The 
primary method for cluster annotation conducted by RNAiTool is based on constituent 
read-length and as endo-siRNAs and miRNAs are approximately equal in length, the 
uniformity index was developed to help discern potentially novel miRNAs from endo-
siRNAs following small RNA clustering. 
 
 3.3.2 High-uniformity snoRNA and tRNA-derived small RNAs 
 
A total of 94 putative endo-siRNA clusters with a uniformity index higher than 10 
were found, several of which approached or even exceeded the values of previously 
identified miRNAs. Two of these represent a ribosome-derived miRNA, which are 
discussed in detail in Chapter 4.  
 
Three other high-uniformity clusters overlap with snoRNAs while a tRNA appears to 
be the source of another high-uniformity cluster. The distributions of small RNAs from 
snoRNA and tRNA clusters are reminiscent of Argonaute loaded miRNAs, however the 
secondary structures of the putative primary transcripts are, as expected, unlike the short 
hairpins typical of canonical miRNAs. To provide further evidence that these loci are true 
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dual-function RNAs that act like both a miRNA and a snoRNA/tRNA, Argonaute loading of 
the small RNAs must first be confirmed while definitive proof will require direct evidence of 
target silencing. Such experiments were beyond the scope of this study. Both tRNAs and 
snoRNAs have been confirmed as atypical miRNA or miRNA-like small RNA-producing 
loci in other animal species (Ender et al. 2008, Scott et al. 2009, Taft et al. 2010, Brameier 
et al. 2011, Scott and Ono 2011, Maute et al. 2013, Roberts et al. 2013). The discovery of 
such elements in a sponge would confirm that miRNA producing dual-function RNAs 
originated prior to the divergence of sponges from eumetazoans.  
 
Alternatively, these loci may represent entirely separate small RNA classes. Small 
RNAs derived from 5’ tRNA fragments (5’ tRFs) have been shown to downregulate protein 
translation through a poorly understood mechanism that is not dependent on 
complementarity between the small RNA and a target transcript (Sobala and Hutvágner 
2013). Critical but not sufficient for this function in human cells are two guanosine residues 
located at positions 17-18 or 18-19 on the 5’ tRF (Sobala and Hutvágner 2013). These 
residues are invariant between tRNAs (Ivanov et al. 2011) and they correspond to the last 
two nucleotides of the conserved region shown in Figure 3.8.  
 
While it is possible that the 5’ tRF-like miRNAs from all four species evolved from a 
common tRNA ancestor and so provide for the first time a link between the miRNA 
systems of bilaterians, sponges and plants, the disparity of the lineages and the lack of 
any other lines of evidence for such a link suggests each evolved independently. It is 
tempting to speculate that all six 5’ tRF-like small RNAs evolved from tRNA ancestors but 
it cannot be ruled out that the miRNAs evolved independently of tRNAs and that the 11 
nucleotides of perfect sequence similarity to the Ile tRNA is a product of chance. 
Investigations into the silencing capacities of the five 5’ tRF-like miRNAs will be required to 
confirm whether they function like true miRNAs or whether they share the capacity for 
global downregulation of protein translation. 
 
3.3.3 New miRNAs	  
 
Six new miRNAs were identified as was as a second copy of the previously 
identified miR-2016. Including the eight previously reported miRNAs of A. queenslandica 
(Grimson et al. 2008) and the rRNA-derived miRNA (Chapter 5), the total number of 
miRNAs for this species now stands at 16. Depending on the silencing capacity of the 
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snoRNA and tRNA-derived high-uniformity index-possessing small RNAs, this number 
could increase to 20. Until evidence for their incorporation into a miRNA RISC is 
established, these can not be considered as miRNAs. 
 
 3.3.4 miRNA-like endo-siRNAs 
 
In addition to standard high-uniformity index-possessing miRNAs, a number of 
endo-siRNAs were identified with efficiencies reminiscent of miRNAs but which failed the 
thermodynamic criteria for miRNA annotation. The biogenesis of canonical miRNAs 
involves the precise positioning of the RNAse III domains of the two catalytic enzymes 
Drosha and Dicer to specific locations along the length of a pre-miRNA hairpin, dictated 
primarily by thermodynamics (Ha and Kim 2014). This precision is not shared with endo-
siRNA biogenesis in which Dicer recognises and cleaves dsRNA targets without the 
specificity conferred to it by the binding partners involved in miRNA biogenesis (Kim et al. 
2009). 
 
While Dicer can cleave target dsRNAs both internally and at their termini, the 
kinetics of terminal cleavage are the more efficient of the two (Zhang et al. 2002). In a 
hypothetical system where Dicer performed exonucleolytic degradation alone, predictably 
phased endo-siRNAs would be expected from a perfectly complementary RNA hairpin as 
each successive cleavage would remove a ~21nt duplex from the open end. While such a 
system would likely result in higher uniformity indices, each phased duplex would be 
expected to occur as often as any other from the same primary transcript. Endonucleolytic 
cleavage performed by Dicer provides new fronts from which exonucleolytic cleavage can 
initiate (Zhang et al. 2002). This disrupts the phased pattern of endo-siRNA synthesis 
producing a more even coverage of cleavage products across the length of substrate 
transcripts. 
 
 The high-uniformity index-possessing endo-siRNA clusters pictured in Figure 3.5a 
and 3.5c do show some degree of phasing but in all cases there exists a single peak 
largely comprising copies of a single dominant read. Such a situation cannot be explained 
by the kinetics of Dicer cleavage alone. An important contributor to the high-uniformity 
indices of miRNAs is the protective quality of the miRNA RISC. Small RNAs that are in 
complex with an Argonaute protein are refractory to normal degradative processes and so 
increase in relative abundance within the cell (Lee et al. 2003, van Rooij et al. 2007, 
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Baccarini et al. 2011, Gantier et al. 2011, Rüegger and Grosshans 2012). Endo-siRNAs 
are also loaded into a RISC but in the absence of sequence specific criteria to bias this 
process and with the absence of biogenic factors that preference one or a few sequences 
over the theoretical maximum that could be produced from each loci, no particular endo-
siRNA is expected to become substantially more abundant than any other from the same 
primary transcript. 
 
 How these high-uniformity index-possessing endo-siRNAs are produced, into what 
effector complex they are loaded and what their function is within the cell are all unknown. 
RNAi mediated by endo-siRNAs typically requires complementarity between the full length 
of the guide RNA and its target with silencing occurring through cleavage (Hammond et al. 
2000, Yang et al. 2000, Elbashir et al. 2001, Plasterk 2002). In contrast, complementarity 
between the target and nucleotides 2-8 of RISC-loaded guide RNAs is typically the 
minimum requirement for miRNA-mediated non-catalytic target silencing (Wightman et al. 
1993, Lee et al. 1993, Moss et al. 1997, Olsen and Ambros 1999, Reinhart et al. 2000, 
Slack et al. 2000, Zeng et al. 2002, Lewis et al. 2005). Into which class the identified high-
uniformity index-possessing endo-siRNAs fall is yet to be determined. 
 
 One possibility is that the high-uniformity index-possessing endo-siRNAs may 
represent an intermediate evolutionary state between low-uniformity index-possessing 
endo-siRNAs and Microprocessor dependent miRNAs. The thermodynamic criteria for 
efficient Microprocessor cleavage is very specific, however artificial pri-miRNA hairpins 
with imperfect thermodynamic properties are still recognised and processed by the 
Microprocessor, if somewhat inefficiently (Han et al. 2004, 2006). A secondarily-structured 
primary transcript could behave as a substrate for both the endo-siRNA and the miRNA 
pathway, given the appropriate set of thermodynamic properties. More details on the 
thermodynamics of miRNA hairpins in A. queenslandica are discussed in Chapter 6. 
 
 3.3.5 Genomic context, biogenesis and function of endo-siRNAs and piRNAs 
 
 The functions of different classes of endo-siRNAs are diverse. Amongst other roles, 
endo-siRNAs have been implicated in transposon defence (Ketting et al. 1999, Tabara et 
al. 1999, Sijen and Plasterk 2003, Chen et al. 2012), mRNA silencing (Lee 2006, 
Chapman and Carrington 2007, Asikainen et al. 2008) and in the recruitment of chromatin 
modification machinery (Burkhart et al. 2011, Burton et al. 2011b, Gu et al. 2012a). The 
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biogenesis of endo-siRNAs requires long dsRNA substrates that can be generated from 
either secondarily-structured single-stranded RNA (ssRNA) or from natural antisense 
transcripts (NATs) (Okamura and Lai 2008, Obbard et al. 2009). In those species that 
possess an RNA-dependent RNA polymerase (RdRP), the single-stranded targets of 
primary endo-siRNAs can act as templates for second-strand synthesis which in turn 
provides substrates for secondary endo-siRNA production (Fire et al. 1998, Sijen et al. 
2001). This amplification loop can perpetuate the effect of otherwise short-term endo-
siRNA mediated post-transcriptional gene silencing by continually refreshing the pool of 
available antisense endo-siRNAs. 
 
 While the RdRP-mediated amplification loop of endo-siRNA biogenesis has been 
lost in many metazoan lineages, an analogous system for piRNA biogenesis appears to be 
better conserved. The “ping-pong” piRNA biogenesis cycle involves the recognition and 
cleavage of sense and antisense transposon transcripts by a pair of Piwi class Argonaute 
proteins (Gunawardane et al. 2007, Brennecke et al. 2007, O'Donnell and Boeke 2007). 
This results in the generation of a pool of secondary piRNAs characterised by the ping-
pong biogenesis signature. piRNAs are largely involved in transposon control within the 
germline of bilaterians however piRNAs generated from coding genes have also been 
described (Saito et al. 2009, Robine et al. 2009) and in a particularly interesting case, a 
single piRNA in the silk worm Bombyx mori is responsible for sex determination (Kiuchi et 
al. 2014). 
 
 Two separate classes of endo-siRNAs were identified in A. queenslandica based on 
their propensity to map to multiple locations within the genome or to map uniquely. 
Although much lower in number than multi-mapping clusters, endo-siRNA clusters 
constructed from uniquely mapping reads predominantly align to coding transcripts. 
Furthermore, intron-mapping endo-siRNA clusters were under-represented indicating that 
it is mature spliced mRNAs, including both 5’ and 3’ UTRs, that are the source of these 
small RNAs. The majority of unique clusters align sense with their host mRNA with a 
minority deriving from either the antisense strand or being composed of reads from both 
strands. 
 
 As endo-siRNAs generally direct RNA interference through perfect full-length 
complementarity between themselves and their target, most uniquely mapping endo-
siRNAs can only silence transcripts arising from the antisense strand from which their host 
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gene was transcribed. Consistent with this, Randfold analysis of the predicted secondary 
structures formed by unique endo-siRNA clusters showed that they were more likely to 
occur by chance than were the secondary structures formed by multi-mapping endo-siRNA 
clusters. Given that A. queenslandica does not encode an RdRP protein, if secondary 
structure is not important for unique endo-siRNA clusters and their only potential targets 
are antisense to themselves, it follows that these endo-siRNAs are likely to be the 
products of cis-NATs rather than hairpin RNAs. 
 
This is in fact the case. Of the 44719 gene models for this species, 8133 are 
predicted to be cis-NATs (see Methods section 3.4.8) and while this represents just 18.2% 
of the total, just fewer than 50% of all mature coding gene-mapping unique endo-siRNA 
clusters align to these genes. Interestingly, the majority of the reads comprising these 
clusters come from a single stand despite presumably arising from annealed double-
stranded cis-NATs. It is unclear how this could occur given that both strands should be 
equally likely to contribute to Ago loading. What it does imply is that one half of the cis-
NAT pair is likely regulating the other through endo-siRNA mediated RNA interference. 
 
 Multi-mapping endo-siRNAs and both multi-mapping and unique piRNAs align 
predominantly to predicted transposons. Surprisingly, Randfold analysis has shown that 
the predicted secondary structures of all three classes are significant. While secondary 
structure is known to be important for endo-siRNA biogenesis, piRNAs are thought to 
derive solely from unstructured single-stranded precursors. These results indicate that 
localised secondary structures may also play a part in the biogenesis of piRNAs in A. 
queenslandica.  
 
Only a minority of clusters from these three classes are composed of reads that 
map sense to their host element, indicating a direct role in their regulation through 
antisense complementarity. Dividing transposons into ‘known’ and ‘unknown’ based on 
homology to those listed on RepBase shows that, despite the seeming redundancy of the 
systems, each appears to be targeting different subsets of transposable elements. While a 
roughly equivalent number of multi-mapping endo-siRNA and unique piRNA clusters were 
identified, approximately 60% of the endo-siRNAs map to unknown transposons while only 
between 12% and 16% of unique piRNAs do so. Multi-mapping piRNA clusters are 
approximately three times more abundant than unique piRNA clusters and these tend to 
map to coding genes with reduced frequency. Large changes in cluster number for both 
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systems occur throughout sponge development but the relative proportions of the different 
classes of putative primary transcripts remain largely stable. It seems that the requirement 
for the distinct regulatory capacities of each RNAi system may vary quantitatively rather 
than qualitatively over the course of development. 
 
 These observations are consistent with the evolution of complex roles for both 
endo-siRNAs and piRNAs prior to the branching of the sponges from eumetazoans. Once 
thought to simply represent partially-redundant systems for transposon defence in 
animals, endo-siRNAs and piRNAs are diverse regulatory systems, each comprised of 
distinct subclasses. The biogenic systems of endo-siRNAs and piRNAs are evidently more 
complex and their silencing potential more nuanced than initially suspected. 
 
 3.3.6 Conclusions 
 
 This study has identified thousands of endo-siRNA- and piRNA-generating loci and 
increased the number of documented miRNAs by over twofold for the sponge A. 
queenslandica. Identified here are three likely dual-function small RNA-producing 
snoRNAs as well as a single dual-function miRNA-like 5’ tRF that possesses intriguing 
sequence similarity with the 3’ ends of several previously reported miRNAs from diverse 
taxa. The implications for this unusual and unexpected similarity are unclear and warrant 
further investigation.  
 
 In addition to the newly identified miRNAs a subset of high-uniformity index-
possessing endo-siRNAs of unknown biogenic origins and of unknown function was 
identified. Working with the sea anemone Nematostella vectensis, Moran et al. (2014) 
reported that several previously identified miRNAs are in fact endo-siRNAs as the 
precursor is processed into multiple small RNAs, which is in opposition to the situation in 
canonical miRNAs where a single small RNA dominates. In the miRNA-like endo-siRNAs 
identified in this study, the putative precursors produce a single peak, dominated by a 
single small RNA. The thermodynamics of these precursors do not, however, fit the model 
for canonical miRNA biogenesis. Whether or not these represent a new class of miRNAs 
or endo-siRNAs, or whether they lie somewhere between these two categories is an open 
question.  
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 Within the broad classes of endo-siRNAs and piRNAs, great diversity exists. While 
each class is unified by certain commonalities in their biogenesis and their ultimate mode 
of silencing, differences in the precursor transcripts from which they are cleaved subdivide 
these classes, possibly allowing for nuanced responses to the complex requirements a cell 
has for posttranscriptional silencing. It is evident that transposons as a class are not 
silenced by a ‘one-size-fits-all’ RNA interference system but that different RNAi 
components are required at different times in different cells to silence different targets. The 
details of this are far from complete. Clarity on these issues will require further research. 
 
3.4 Methods 
 
 3.4.1 Biological sampling and RNA extraction 
 
 Biological sampling was conducted at the Heron Island Research Station (HIRS) on 
Heron Island Reef on the Great Barrier Reef, Australia. An adult A. queenslandica tissue 
biopsy was taken while snorkelling from the reef flat at Shark Bay. This sample was 
brought back to the laboratory and immediately transferred to RNALater for cold storage 
until RNA extraction could be conducted.  
 
To obtain developmental material, another adult sponge was collected from the reef 
and brought back to the research station where it was maintained in a tank in flow through 
seawater continuously pumped form the reef (Leys and Degnan 2001). This sponge was 
allowed to spawn naturally and it was noted that the majority of larvae were released daily 
for a two hour period following midday. At midday, all larvae that were released earlier 
were cleared from the tank to ensure the age of sampled larvae. After two hours, 0-2 
hours post-emergence (0-2 hpe) pre-competent larvae (Jackson et al. 2002, Degnan and 
Degnan 2010) were sampled and transferred immediately to RNALater for cold storage. 
Remaining larvae were transferred to 0.2µm filtered seawater (FSW) and kept at room 
temperature. Ten hours after the initial larvae were cleared from the tank, 8-10 hpe 
competent larvae (Degnan and Degnan 2010) were sampled and transferred immediately 
to RNALater for cold storage.  
 
The remaining larvae were induced to metamorphose with the introduction of a 
coralline algae settlement cue (Degnan and Degnan 2010). Approximately 10 hours after 
the introduction of the settlement cue, those larvae that had settled were gently detached 
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and transferred to glass coverslips that were submerged under FSW in 24-well plates 
(Gauthier and Degnan 2008). Detached individuals rapidly reattach to the new surface 
whereupon they continue to metamorphose. The 24-well plates were kept in the dark and 
FSW was changed daily. Three days after re-settlement, the establishment of a 
contiguous pinacoderm and a single exhalent osculum marks the completion of 
metamorphosis (Leys and Degnan 2002). These juveniles were sampled and transferred 
to RNALater for cold storage. In total, between 30 and 50 pre-competent larvae, 
competent larvae and juveniles were sampled. 
 
RNA extraction was conducted with Tri Reagent (Sigma Aldrich) as per the 
manufacturer’s instructions with the following modifications. RNALater was removed from 
each sample and replaced with at least 500µl of Tri Reagent. Cell disruption was 
conducted by five to six rounds of heating samples to 55°C for three minutes followed by 
vortexing for 5-10 seconds. In place of chloroform, 1-bromo-3-chloropropane was used for 
phase separation. RNA precipitates were resuspended in 20µl of ultrapure RNAse/DNAse 
free water. 
 
3.4.2 High throughput small RNA library preparation and sequencing 
 
The adult small RNA library was prepared with the Illumina TruSeq Small RNA 
Sequencing Kit as per the manufacturer’s instructions. Pre-competent larval, competent 
larval and juvenile small RNA libraries were prepared with the Epicentre ScriptMiner Small 
RNA-Seq Library Preparation Kit as per the manufacturers instructions. Libraries were 
indexed as per Table 3.2. The four libraries were pooled with eight others giving a total of 
12 samples, then split and sequenced over four lanes on an Illumina HiSeq 2000 at the 
Institute for Molecular Bioscience, Brisbane, Australia. 
 Table	  3.2	  PCR	  Index	  numbers	  used	  for	  small	  RNA	  sequencing	  library	  preparation	  
 
Sample Index 
Adult RPI30 
Juvenile Index 3 PCR Primer 
Competent Larvae Index 2 PCR Primer 
Pre-Competent Larvae Index 1 PCR Primer 
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3.4.3 Quality control and library mapping 
 
Output fastQ files from Illumina sequencing were checked for quality with FastQC 
(http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc/). 3’ adaptor sequences were 
removed with fastx_clipper from the FASTX-Toolkit 
(http://hannonlab.cshl.edu/fastx_toolkit/). Only reads that contained at least 8nt of adaptor 
and were at least 15nt after clipping were retained. After clipping, FastQC was again used 
to check the quality of the library. Reads were collapsed with fastx_collapser, also part of 
the FASTX-Toolkit. 
 
Collapsed reads were mapped to the Amphimedon queenslandica genome 
(Srivastava et al. 2010) with bowtie (Langmead et al. 2009) allowing for up to 51 mappings 
per read but no mismatches between the read and the genome. Those reads that were 
mapped to the genome 51 times were then removed from the library, leaving only reads 
that mapped between 1 and 50 times. This was necessary as those reads that were 
aligned 51 times may have in fact mapped to more locations than this due to the way in 
which bowtie deals with multi-mapping reads. Mapped bowtie files were converted into 
bed files using bowtieToBed.pl from the Galaxy platform (Giardine et al. 2005). A second 
bed file was produced from those reads that only mapped to a single genomic location.  
 
 
3.4.4 RNAiTool  usage 
 
The two mapped bed files for each developmental stage were analysed with 
RNAiTool. Ribosomal RNA sequences identified by Ensembl (release 76) (Flicek et al. 
2014) and genomic regions known to be contaminants introduced during genome 
assembly (unpublished) were defined as regions to which mapped small RNAs should not 
be considered (ignore file). Outputs from the four developmental stages were normalised 
with endo_normaliser.sh and pi_normaliser.sh with the eight previously reported miRNAs 
(Grimson et al. 2008) provided to endo_normaliser.sh. See Chapter 2 for more details 
regarding the RNAiTool pipeline. 
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 3.4.5 RACE PCR, sequencing and mapping 
 
5’ and 3’ Rapid Amplification of cDNA Ends (RACE) libraries were constructed from 
mixed larval and embryological RNA samples as per the manufacturer’s instructions. 
Primers were designed to the putative pre-miRNA sequence. PCR products were gel 
purified, ligated into pGEM-T Easy vectors and cloned through heat shock into E. coli XL1-
Blue competent cells. Blue colonies were PCR screened for inserts using the vector 
primers M13F and M13R, gel purified and prepared for sequencing with the BigDye 
Terminator Sequencing Kit. Sanger sequencing (Sanger et al. 1977) was performed by the 
Australian Genome Research Facility (AGRF), Brisbane. Flanking vector sequences were 
clipped from the resultant sequences and these were mapped to the A. queenslandica 
genome with BLAT (Kent 2002). 
 
3.4.6 Nucleotide biases, genome coverage and genomic context 
 
Sequence logos were constructed from aligned reads with WebLogo (Crooks et al. 
2004), using information content rather than proportion on the y axis (Schneider et al. 
1986).  
 
To assess the coverage of the genome by transposons and coding genes, 
RepeatMasker (Smit et al., 1996-2010) predicted transposons were aligned to the genome 
using GenomeCoverageBed from the BEDTools package (Quinlan and Hall 2010). Those 
transposons with homology to entries on RepBase (Transposons) were treated separately 
to those without homology (Unknown Transposons). Exons, introns, 5’ UTRs and 3’ UTRs 
were defined from the current A. queenslandica gene model annotation curated by the 
Degnan laboratory (unpublished). Those that overlapped annotated transposons were 
removed and these too were aligned to the genome with GenomeCoverageBed. The 
percentage of the genome covered by each element was then calculated. The result was a 
total coverage that slightly exceeded 100%. This is due to certain regions of the genome 
encoding more than one element such as an intron that is retained in one isoform of a 
transcript. 
 
The genomic context of endo-siRNA and piRNA clusters were assessed using 
overlapSelect from UCSC (Karolchik et al. 2004) to determine which elements clusters 
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aligned to. At least 51% of the length of a cluster was required to overlap with a particular 
feature, otherwise it was deemed to be intergenic. 
 
 3.4.7 tRNAScan-SE and snoRNA analyses 
 
Default settings were used to annotate tRNAs and snoRNAs using tRNAScan-SE 
(Lowe and Eddy 1997) and snoSeeker (Yang et al. 2006). The results of these were 
overlapped with the 94 high-uniformity index-possessing endo-siRNA clusters using 
UCSC’s overlapSelect (Kuhn et al. 2013) to find dual-function small RNA producing tRNAs 
and snoRNAs. 
 
3.4.8 cis-NAT prediction of A. queenslandica gene models 
 
Gene models for A. queenslandica (in-house annotation) were overlapped with 
each other using UCSCs overlapSelect (Kuhn et al. 2013). Gene models aligning to the 
plus strand were overlapped with those mapping to the minus strand and those 
overlapping another by at least one nucleotide were retained. 
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Chapter 4. Comparative analysis of the RNAi repertoires of early branching 
metazoans 
 
Abstract 
 
The emergence of the Metazoa appears to have been a time of great innovation for RNA 
interference (RNAi) systems. In parallel with multicellularity, animals evolved two unique 
RNAi systems that today function in both transcriptional and posttranscriptional gene 
regulation, micro RNAs (miRNAs) and Piwi-interacting RNAs (piRNAs). In recent years, 
miRNAs have become well established as master regulators of cell type differentiation and 
development while piRNAs are best known for their role in transposon defence within the 
germline of bilaterians. Together with the ancient pan-eukaryotic endogenous small 
interfering RNAs (endo-siRNAs), these three systems account for a large portion of the 
small RNAs within animal species. The discovery of miRNAs within sponges appeared to 
confirm these as synapomorphic components of animal gene regulation, however their 
absence from ctenophores has brought to question their supposed critical roles in cellular 
phenotypy. Here I investigate the RNAi components of three species of early branching 
metazoan lineages, the sponge Amphimedon queenslandica, the ctenophore Mnemiopsis 
leidyi and the cnidarian Nematostella vectensis, as well as the fruit fly Drosophila 
melanogaster – a bilaterian species for which the RNAi repertoire has been thoroughly 
investigated. Here I report on (1) comonalities and differences in the genomic organisation 
of the endo-siRNA and the piRNA systems between lineages, (2) a unique class of phased 
endo-siRNA in the ctenophore (3) evidence for the evolution of the piRNA system prior to 
that of miRNAs, (4) an endo-siRNA-producing heterochromatic region of the D. 
melanogaster X-chromosome with possible roles in dosage compensation and (5) the 
developmental dynamics of endo-siRNA and piRNA expression in A. queenslandica, N. 
vectensis and D. melanogaster. Genomic organisation of small RNA expression and 
developmental dynamics support the evolution of complex and conserved functions for 
RNAi systems prior to the divergence of the sponges some 800 million years ago. 
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4.1 Introduction 
 
 4.1.1 Animal RNA interference systems 
 
RNA interference (RNAi) is thought to have evolved prior to the divergence of 
eukaryotes in response to threats from parasitic double-stranded RNA species such as 
retroviruses and transposons (Obbard et al. 2009). In modern animals, three independent 
but related RNAi systems dominate the small RNA repertoire: micro RNAs (miRNAs), Piwi-
interacting RNAs (piRNAs), and endogenous small interfering RNAs (endo-siRNAs). While 
all three systems require a member of the Argonaute protein family as the effector enzyme 
in gene silencing, each has unique regulatory functions and unique modes of small RNA 
biogenesis. 
 
In bilaterians, miRNAs are by far the most abundant class of small RNA despite 
typically only arising from several hundred loci. miRNAs are ~22nt in length, deeply 
conserved between phyla and are rarely lost once integrated into a regulatory network 
(Heimberg et al. 2008). It appears miRNAs have been acquired continuously in bilaterian 
lineages over evolutionary time (Wheeler et al. 2009). The biogenesis of miRNAs in 
animals utilises a metazoan-specific repertoire of biogenic enzymes, indicating the system 
likely evolved independently to the miRNA systems of plants and brown algae (Jones-
Rhoades et al. 2006, Grimson et al. 2008, Tarver et al. 2012). 
 
In contrast to miRNAs, canonical piRNAs show high sequence diversity, are 
generated from thousands of loci and individual piRNAs are low in abundance (Aravin et 
al. 2006, Girard et al. 2006, Lau et al. 2006). The primary function of piRNAs in bilaterians 
appears to be to silence of transposons within the germline (O'Donnell and Boeke 2007), 
however somatic piRNAs (Ross et al. 2014) and piRNAs that function in mRNA 
translational control have also been identified (Robine et al. 2009, Saito et al. 2009, Ku 
and Lin 2014).  
 
The endo-siRNA system is the only animal RNAi system shared with other 
eukaryotes. Canonical endo-siRNAs are approximately 21nt long Dicer products that can 
be processed from either structured single-stranded RNAs or from double-stranded natural 
antisense transcripts (NATs) (Tam et al. 2008, Watanabe et al. 2008). Endo-siRNAs play a 
large role in transposon defence but unlike piRNAs, this role is not limited to the germline 
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(Ghildiyal et al. 2008). Posttranscriptional regulation of coding mRNAs (Czech et al. 2008, 
Okamura et al. 2008b, Tam et al. 2008) and the recruitment of chromatin modification 
machinery are also functions of the endo-siRNA system (Volpe et al. 2002, Grishok et al. 
2008, Moshkovich and Lei 2010, Burkhart et al. 2011). 
 
4.1.2 RNAi contribution in early branching metazoans 
 
While miRNA, piRNA and endo-siRNA systems have been described in non-
bilaterian species, initial evidence indicates a large diversity in the relative contribution 
each system makes to their small RNAomes. In contrast to bilaterians where miRNAs 
consistently dominate small RNA libraries, piRNAs are by far the most abundant class of 
small RNA in cnidarians (Grimson et al. 2008, Krishna et al. 2013, Moran et al. 2014). 
Sponge small RNA repertoires, like those of bilaterians, are dominated by miRNAs (see 
Chapter 3) but surprisingly, ctenophores, complex animals that possess neurons, muscles 
and other recognisable eumetazoan cell types, lack a miRNA regulatory system entirely 
(Maxwell et al. 2012, Ryan et al. 2013). 
 
4.1.3 Genomic context and developmental dynamics 
 
Very little is known about the functions and developmental dynamics of endo-siRNA 
and piRNA expression in early branching metazoans or how these may differ to that of 
bilaterian species. These loci are abundant and diverse but relatively lowly expressed 
(Ghildiyal et al. 2008), rendering them somewhat less tractable than miRNAs, which are 
typically highly expressed and low in number. To address this, the RNAi complements of 
the sponge Amphimedon queenslandica, the ctenophore Mnemiopsis leidyi, the cnidarian 
Nematostella vectensis and the fruit fly Drosophila melanogaster were surveyed through 
the annotation of high-throughput small RNA sequencing datasets. 
 
Central to this chapter is use of RNAiTool (see Chapter 2) for the analysis of the 
small RNA repertoire of each library. Briefly, RNAiTool produces clusters of small RNAs 
that are mapped adjacent to one another on their respective genomes and then annotates 
those clusters that likely belong to the endo-siRNA, miRNA or piRNA pathways. The 
genomic context of small RNA cluster expression and the co-expression of individual 
clusters across developmental stages provides insights into the likely functions of endo-
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siRNAs and piRNAs in each species and also reveals functional subclasses generated by 
these pathways. 
 
Finally, a unique class of phased endo-siRNA-producing loci from the ctenophore is 
presented. These loci possess a structure unlike anything previously described from an 
animal species, but they do resemble, somewhat, the phased trans-acting siRNAs (ta-
siRNAs) of plants (Allen et al. 2005, Gasciolli et al. 2005, Yoshikawa et al. 2005). I also 
describe a population of piRNAs that appear to possess the ‘ping-pong’ piRNA biogenesis 
signature in M. leidyi (a uracil at position 1 and an adenosine at position 10) and discuss 
the implications for the existence of such a system in a lineage devoid of miRNAs and 
purported to be the sister taxa to the Metazoa (Dunn et al. 2008, Ryan et al. 2013, Moroz 
et al. 2014).  
 
This chapter provides the first comprehensive insight into the expression dynamics 
and complex repertoires of RNA interference molecules in early branching metazoans. It 
also provides a framework for future studies into this field and hints at a number of 
observations worthy of further investigation. It is clear that posttranscriptional regulation 
through RNA interference has been critical to metazoans for the entirety of their 
evolutionary history. 
 
4.2 Results 
  
 4.2.1 Mapped libraries 
 
Two M. leidyi, nine N. vectensis and eleven D. melanogaster publicly available 
small RNA datasets were acquired from NCBI’s Sequenced Read Archive (SRA, 
http://www.ncbi.nlm.nih.gov/sra/) or from NCBI’s Gene Expression Omnibus (GEO, 
http://www.ncbi.nlm.nih.gov/geo) (see Methods for more details). For N. vectensis and D. 
melanogaster, these libraries represented critical developmental time points or tissues 
while the two M. leidyi datasets were biological replicates of mixed late stage embryos. 
Four A. queenslandica developmental small RNA datasets were produced as detailed in 
Chapter 3. 
 
Read length distributions for each mapped library (see Methods) were assessed in 
order to guide settings for subsequent RNAi annotation. The results can be seen in 
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Appendix C: Figures S4.1 and S4.2. In addition to a peak corresponding to endo-
siRNAs/miRNAs at 20-22 nt and a small increase in the abundance of reads around 28nt, 
the length typical of piRNAs, a substantial peak in small RNA reads at 25 nt was also 
evident in the two Mnemiopsis libraries (Figure 4.1). Whether these clusters were 
components of the endo-siRNA pathway or the piRNA pathway was unknown and so in all 
subsequent analyses these clusters, hereafter called 25-mer clusters, were treated as a 
separate class. The piRNAs of D. melanogaster are also known to be shorter than what is 
typical for most animals and so piRNA analysis for this species was adjusted accordingly 
(see Methods).  
 
Figure	   4.1.	   	   Read	   length	   distributions	   for	   mapped	  M.leidyi	   library	   1	   (A)	   and	  M.leidyi	   library	   2	   (B).	  Includes	  multi-­‐mapping	  reads.	  Mappers	   (in	  blue)	  considerd	  only	  a	  single	  copy	  of	  each	  distinct	   small	  RNA	  sequence	  and	  Counts	  (in	  red)	  considers	  every	  sequenced	  copy	  of	  each	  unique	  small	  RNA.	   
 
For each mapped library, two datasets were generated: (1) those that map to 
multiple loci within the genome up to a maximum of 50 times (so-called multi-mappers) 
and (2) those sequenced small RNAs (reads) that map to only a single location within the 
genome (so-called uniques). I decided to perform all subsequent analyses in parallel on 
these two datasets as each has qualities that allow for the investigation of different sets of 
questions. Unlike for multi-mapping reads, the exact loci of origin can be determined for 
uniquely mapping reads. For this reason, multi-mapping reads are often discarded from 
bioinformatic pipelines, however this eliminates the capacity to investigate the small RNA 
biology of repetitive genomic elements. 
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 4.2.2 High-uniformity index-possessing endo-siRNAs and novel miRNAs 
 
 For each dataset, the number of mappers and counts comprising each endo-
siRNA/miRNA cluster were graphed to visualise cluster uniformity (see Chapter 3 for a 
detailed explanation of the uniformity index). This was performed for both multi-mapping 
clusters and for unique clusters (Appendix C: Figure S4.3). 
 
4.2.3 High-uniformity index-possessing endo-siRNAs in D. melanogaster 
 
For D. melanogaster, as was expected for such a well-studied species, almost all 
highly uniform clusters corresponded to previously annotated miRNAs. Adult female head 
clusters are given as an example (Figure 4.2a). 
 
 Figure	  4.2	  Mappers	  versus	   counts	   for	  all	   clusters	   in	   the	  endo-­‐siRNA/miRNA	  size	   range.	  Clusters	  are	  constructed	   from	   all	   reads	   including	   those	  multi-­‐mapping	   to	   the	   genome	   up	   to	   50	   times.	   Red	   data	  points	  represent	  clusters	  corresponding	  to	  previously	  annotated	  miRNAs.	  Blue	  data	  points	  represent	  all	  other	  small	  RNA	  clusters	  from	  the	  endo-­‐siRNA/miRNA	  size	  range.	  (A)	  D.	  melanogaster	  adult	  female	  heads,	  (B)	  D.	  melanogaster	  first	  instar	  larvae	  1,	  (C)	  N.	  vectensis	  adult	  female,	  (D)	  M.	  leidyi	  1	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The only exceptions come from the two first instar larvae datasets where up to 10 
endo-siRNA clusters show exceptional depth and are over an order of magnitude more 
abundant than the most abundant miRNA from this developmental stage (Figure 4.2b). All 
of these clusters map to the armU chromosome, which rather than representing a single 
DNA molecule, incorporates a number of sequenced scaffolds that have not yet been 
placed within any of the annotated chromosomes (Smith et al. 2007). The bulk of armU 
covers heterochromatic and other repetitive regions. Despite mapping to the armU 
construct, BLAST searches of these clusters revealed very high similarity with regions of 
the X chromosome indicating they may be repetitive sequences that are of 
heterochromatic X chromosome origin. 
 
A total of 66 endo-siRNA clusters expressing 19 distinct dominant reads with 
efficiencies of 10 or greater were found for this species. Only 10 clusters possessed 
dominant reads (the most abundant read comprising a cluster) that mapped to four or 
fewer locations and only these clusters were considered further. Two clusters were found 
to represent U4 small nuclear RNAs and the remaining eight did not form the type of 
secondary structure required for canonical miRNA biogenesis (Table 4.1). In the following 
tables, Multi-mapping refers to the number of locations in the genome the dominant read 
sequence can be found while the Comments column provides an assessment of relevant 
details regarding the cluster. The Cluster Name for each cluster comes from the output of 
endo_normaliser.sh (see Chapter 2 for details of this script). 
 Table	   4.1.	  Details	   of	   all	  D.	  melanogaster	   high-­‐uniformity	   index-­‐possessing	   clusters.	   For	   each	   cluster,	  the	   dominant	   read	   with	   the	   highest	   expression	   from	   one	   of	   the	   11	   datasets	   was	   chosen	   as	  representative.	  
Cluster	  Name	   Scaffold	   Start	   Stop	  
Dominant	  
read-­‐length	  
Multi-­‐
mapping	   Strand	   Dominant	  read	   Comments	  
cluster.30	   arm_3L	   8021697	   8021718	   21	   12	   -­‐	   DMel_01DP_173_2092_21	   Highly	  multi-­‐mapping	  
cluster.44	   arm_3R	   13448267	   13448288	   21	   12	   +	   DMel_01DP_173_2092_21	   Highly	  multi-­‐mapping	  
cluster.45	   arm_3R	   13456815	   13456836	   21	   12	   -­‐	   DMel_01DP_173_2092_21	   Highly	  multi-­‐mapping	  
cluster.46	   arm_3R	   13471080	   13471101	   21	   12	   -­‐	   DMel_01DP_173_2092_21	   Highly	  multi-­‐mapping	  
cluster.47	   arm_3R	   13472089	   13472110	   21	   12	   +	   DMel_01DP_173_2092_21	   Highly	  multi-­‐mapping	  
cluster.48	   arm_3R	   13472456	   13472477	   21	   12	   -­‐	   DMel_01DP_173_2092_21	   Highly	  multi-­‐mapping	  
cluster.49	   arm_3R	   13482866	   13482887	   21	   12	   +	   DMel_01DP_173_2092_21	   Highly	  multi-­‐mapping	  
cluster.50	   arm_3R	   13484154	   13484175	   21	   12	   -­‐	   DMel_01DP_173_2092_21	   Highly	  multi-­‐mapping	  
cluster.51	   arm_3R	   13493908	   13493929	   21	   12	   +	   DMel_01DP_173_2092_21	   Highly	  multi-­‐mapping	  
cluster.52	   arm_3R	   15616693	   15616714	   21	   12	   +	   DMel_01DP_173_2092_21	   Highly	  multi-­‐mapping	  
cluster.59	   arm_X	   3721654	   3721670	   16	   9	   +	   DMel_01DP_365_1222_16	   Highly	  multi-­‐mapping	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cluster.63	   arm_X	   19919131	   19919147	   16	   9	   +	   DMel_01DP_365_1222_16	   Highly	  multi-­‐mapping	  
cluster.4	   ArmU	   688931	   688951	   20	   5	   -­‐	   DMel_01DP_4344_185_20	   Highly	  multi-­‐mapping	  
cluster.5	   ArmU	   694127	   694147	   20	   5	   +	   DMel_01DP_4344_185_20	   Highly	  multi-­‐mapping	  
cluster.19	   YHet	   226462	   226482	   20	   5	   -­‐	   DMel_01DP_4344_185_20	   Highly	  multi-­‐mapping	  
cluster.57	   arm_3R	   24596600	   24596620	   20	   5	   +	   DMel_01DP_4344_185_20	   Highly	  multi-­‐mapping	  
cluster.60	   arm_X	   4728918	   4728938	   20	   5	   +	   DMel_01DP_4344_185_20	   Highly	  multi-­‐mapping	  
cluster.40	   arm_3R	   4687601	   4687618	   17	   5	   +	   DMel_01DP_58_5208_17	   Highly	  multi-­‐mapping	  
cluster.41	   arm_3R	   4688654	   4688671	   17	   5	   +	   DMel_01DP_58_5208_17	   Highly	  multi-­‐mapping	  
cluster.62	   arm_X	   13997807	   13997824	   17	   5	   -­‐	   DMel_01DP_58_5208_17	   Highly	  multi-­‐mapping	  
cluster.64	   arm_X	   21103117	   21103134	   17	   5	   +	   DMel_01DP_58_5208_17	   Highly	  multi-­‐mapping	  
cluster.42	   arm_3R	   6103832	   6103857	   25	   5	   -­‐	   DMel_01DP_87_3908_25	   Highly	  multi-­‐mapping	  
cluster.43	   arm_3R	   9870303	   9870328	   25	   5	   -­‐	   DMel_01DP_87_3908_25	   Highly	  multi-­‐mapping	  
cluster.53	   arm_3R	   18222249	   18222274	   25	   5	   +	   DMel_01DP_87_3908_25	   Highly	  multi-­‐mapping	  
cluster.54	   arm_3R	   18222577	   18222602	   25	   5	   -­‐	   DMel_01DP_87_3908_25	   Highly	  multi-­‐mapping	  
cluster.55	   arm_3R	   18223293	   18223318	   25	   5	   +	   DMel_01DP_87_3908_25	   Highly	  multi-­‐mapping	  
cluster.27	   arm_2L	   19810847	   19810867	   20	   2	   +	   DMel_1224E_90_377_20	   U4	  small	  nuclear	  RNA	  
cluster.28	   arm_2L	   21215044	   21215064	   20	   2	   -­‐	   DMel_1224E_90_377_20	   U4	  small	  nuclear	  RNA	  
cluster.6	   ArmU	   3924024	   3924044	   20	   12	   -­‐	   DMel_1IL2_1_61433_20	   Highly	  multi-­‐mapping	  
cluster.9	   ArmU	   7541122	   7541142	   20	   12	   +	   DMel_1IL2_1_61433_20	   Highly	  multi-­‐mapping	  
cluster.10	   ArmU	   7715554	   7715574	   20	   12	   -­‐	   DMel_1IL2_1_61433_20	   Highly	  multi-­‐mapping	  
cluster.11	   ArmU	   9239170	   9239190	   20	   12	   -­‐	   DMel_1IL2_1_61433_20	   Highly	  multi-­‐mapping	  
cluster.12	   ArmU	   9460917	   9460937	   20	   12	   -­‐	   DMel_1IL2_1_61433_20	   Highly	  multi-­‐mapping	  
cluster.13	   ArmU	   9488310	   9488330	   20	   12	   -­‐	   DMel_1IL2_1_61433_20	   Highly	  multi-­‐mapping	  
cluster.14	   ArmU	   9502970	   9502990	   20	   12	   +	   DMel_1IL2_1_61433_20	   Highly	  multi-­‐mapping	  
cluster.15	   ArmU	   9844338	   9844358	   20	   12	   -­‐	   DMel_1IL2_1_61433_20	   Highly	  multi-­‐mapping	  
cluster.16	   ArmU	   10000222	   10000242	   20	   12	   -­‐	   DMel_1IL2_1_61433_20	   Highly	  multi-­‐mapping	  
cluster.17	   ArmU	   10004186	   10004206	   20	   12	   +	   DMel_1IL2_1_61433_20	   Highly	  multi-­‐mapping	  
cluster.20	   arm_2L	   2009182	   2009202	   20	   6	   +	   DMel_24DP2_158_927_20	   Highly	  multi-­‐mapping	  
cluster.21	   arm_2L	   2009565	   2009585	   20	   6	   +	   DMel_24DP2_158_927_20	   Highly	  multi-­‐mapping	  
cluster.22	   arm_2L	   2010892	   2010912	   20	   6	   -­‐	   DMel_24DP2_158_927_20	   Highly	  multi-­‐mapping	  
cluster.23	   arm_2L	   2013202	   2013222	   20	   6	   -­‐	   DMel_24DP2_158_927_20	   Highly	  multi-­‐mapping	  
cluster.58	   arm_X	   3713759	   3713779	   20	   6	   +	   DMel_24DP2_158_927_20	   Highly	  multi-­‐mapping	  
cluster.29	   arm_2R	   18960106	   18960127	   21	   2	   +	   DMel_3IL1_2592_179_21	   Poor	  folding	  
cluster.24	   arm_2L	   2459939	   2459959	   20	   10	   -­‐	   DMel_3IL1_595_494_20	   Highly	  multi-­‐mapping	  
cluster.25	   arm_2L	   2462650	   2462670	   20	   10	   +	   DMel_3IL1_595_494_20	   Highly	  multi-­‐mapping	  
cluster.35	   arm_3R	   4468070	   4468090	   20	   10	   -­‐	   DMel_3IL1_595_494_20	   Highly	  multi-­‐mapping	  
cluster.36	   arm_3R	   4468438	   4468458	   20	   10	   -­‐	   DMel_3IL1_595_494_20	   Highly	  multi-­‐mapping	  
cluster.37	   arm_3R	   4493853	   4493873	   20	   10	   -­‐	   DMel_3IL1_595_494_20	   Highly	  multi-­‐mapping	  
cluster.38	   arm_3R	   4494349	   4494369	   20	   10	   -­‐	   DMel_3IL1_595_494_20	   Highly	  multi-­‐mapping	  
cluster.39	   arm_3R	   4494818	   4494838	   20	   10	   -­‐	   DMel_3IL1_595_494_20	   Highly	  multi-­‐mapping	  
cluster.65	   arm_X	   21175483	   21175503	   20	   10	   -­‐	   DMel_3IL1_595_494_20	   Highly	  multi-­‐mapping	  
cluster.66	   arm_X	   21175811	   21175831	   20	   10	   +	   DMel_3IL1_595_494_20	   Highly	  multi-­‐mapping	  
cluster.26	   arm_2L	   13487779	   13487799	   20	   5	   +	   DMel_AFH_1253_96_20	   Highly	  multi-­‐mapping	  
cluster.2	   3RHet	   1503768	   1503790	   22	   1	   +	   DMel_AMB_1174_303_22	   Poor	  folding	  
cluster.3	   ArmU	   157896	   157916	   20	   19	   -­‐	   DMel_AMB_1578_233_20	   Highly	  multi-­‐mapping	  
cluster.7	   ArmU	   6130937	   6130957	   20	   19	   +	   DMel_AMB_1578_233_20	   Highly	  multi-­‐mapping	  
cluster.8	   ArmU	   7306717	   7306737	   20	   19	   +	   DMel_AMB_1578_233_20	   Highly	  multi-­‐mapping	  
cluster.1	   3RHet	   138608	   138630	   22	   1	   -­‐	   DMel_AMB_1592_231_22	   Poor	  folding	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cluster.34	   arm_3L	   21569724	   21569745	   21	   2	   -­‐	   DMel_AMB_2825_141_21	   Poor	  folding	  
cluster.31	   arm_3L	   19417156	   19417177	   21	   3	   -­‐	   DMel_AMB_401_880_21	   Poor	  folding	  
cluster.32	   arm_3L	   19471680	   19471701	   21	   3	   -­‐	   DMel_AMB_401_880_21	   Poor	  folding	  
cluster.33	   arm_3L	   19481381	   19481402	   21	   3	   -­‐	   DMel_AMB_401_880_21	   Poor	  folding	  
cluster.61	   arm_X	   4821256	   4821278	   22	   20	   -­‐	   DMel_AMB_479_734_22	   Highly	  multi-­‐mapping	  
cluster.56	   arm_3R	   23822301	   23822321	   20	   4	   -­‐	   DMel_AMB_5714_74_20	   Poor	  folding	  
cluster.18	   XHet	   192612	   192634	   22	   14	   +	   DMel_AMB_700_505_22	   Highly	  multi-­‐mapping	  
 
 4.2.4 High-uniformity index-possessing endo-siRNAs and novel miRNAs in N. 
vectensis 
 
In N. vectensis, the majority of clusters with a high-uniformity index represent 
previously annotated miRNAs (Figure 4.2c), however 64 endo-siRNA clusters expressing 
17 distinct dominant reads with efficiencies of 10 or greater were also found (Table 4.2). 
The majority of these highly uniform clusters cover repetitive regions and any cluster with a 
dominant read that mapped to more than four places in the genome was not subject to 
further consideration. Four highly uniform endo-siRNA clusters were deemed to be new 
miRNAs, all of which were new copies of previously annotated miRNAs from this species 
(Figure 4.3).  
 Table	   4.2.	   Details	   of	   all	  N.	   vectensis	   high-­‐uniformity	   index-­‐possessing	   clusters.	   For	   each	   cluster,	   the	  dominant	  read	  with	  the	  highest	  expression	  from	  one	  of	  the	  nine	  developmental	  datasets	  was	  chosen	  as	  representative.	  
	  	  
Cluster	  Name	   Scaffold	   Start	   Stop	  
Dominant	  
read-­‐length	  
Multi-­‐
mapping	   Strand	   Dominant	  read	   Comments	  
cluster.4	   scaffold-­‐146	   255113	   255133	   20	   6	   -­‐	   NemVec_AFU_159_459_20	   Highly	  multi-­‐mapping	  
cluster.18	   scaffold-­‐20	   1228855	   1228875	   20	   6	   -­‐	   NemVec_AFU_159_459_20	   Highly	  multi-­‐mapping	  
cluster.19	   scaffold-­‐2044	   3527	   3547	   20	   6	   -­‐	   NemVec_AFU_159_459_20	   Highly	  multi-­‐mapping	  
cluster.21	   scaffold-­‐2193	   12785	   12805	   20	   6	   +	   NemVec_AFU_159_459_20	   Highly	  multi-­‐mapping	  
cluster.60	   scaffold-­‐80	   781363	   781383	   20	   6	   +	   NemVec_AFU_159_459_20	   Highly	  multi-­‐mapping	  
cluster.29	   scaffold-­‐3	   358803	   358824	   21	   2	   +	   NemVec_AMU_1665_83_21	   Poor	  folding	  
cluster.48	   scaffold-­‐364	   11277	   11299	   22	   2	   +	   NemVec_AMU_1855_75_22	   nve-­‐miR-­‐2047b	  
cluster.24	   scaffold-­‐248	   222871	   222891	   20	   8	   +	   NemVec_AMU_2342_63_20	   Highly	  multi-­‐mapping	  
cluster.50	   scaffold-­‐41	   774816	   774836	   20	   8	   +	   NemVec_AMU_2342_63_20	   Highly	  multi-­‐mapping	  
cluster.56	   scaffold-­‐7285	   1102	   1123	   21	   17	   -­‐	   NemVec_AMU_810_146_21	   Highly	  multi-­‐mapping	  
cluster.55	   scaffold-­‐7168	   5856	   5878	   22	   24	   -­‐	   NemVec_EPU_1_28575_22	   Highly	  multi-­‐mapping	  
cluster.57	   scaffold-­‐729	   14376	   14398	   22	   24	   +	   NemVec_EPU_1_28575_22	   Highly	  multi-­‐mapping	  
cluster.58	   scaffold-­‐729	   19925	   19947	   22	   24	   +	   NemVec_EPU_1_28575_22	   Highly	  multi-­‐mapping	  
cluster.13	   scaffold-­‐163	   346211	   346233	   22	   1	   -­‐	   NemVec_EPU_1452_137_22	   Poor	  folding	  
cluster.3	   scaffold-­‐14	   1335138	   1335160	   22	   3	   +	   NemVec_EPU_3567_71_22	   nve-­‐miR-­‐2043c	  
cluster.23	   scaffold-­‐227	   280903	   280923	   20	   45	   -­‐	   NemVec_EPU_3703_70_20	   Highly	  multi-­‐mapping	  
cluster.5	   scaffold-­‐15	   161858	   161878	   20	   37	   +	   NemVec_GEU_1273_116_20	   Highly	  multi-­‐mapping	  
cluster.6	   scaffold-­‐15	   163209	   163229	   20	   37	   +	   NemVec_GEU_1273_116_20	   Highly	  multi-­‐mapping	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cluster.7	   scaffold-­‐15	   164043	   164063	   20	   37	   +	   NemVec_GEU_1273_116_20	   Highly	  multi-­‐mapping	  
cluster.8	   scaffold-­‐15	   166388	   166408	   20	   37	   +	   NemVec_GEU_1273_116_20	   Highly	  multi-­‐mapping	  
cluster.9	   scaffold-­‐15	   169241	   169261	   20	   37	   +	   NemVec_GEU_1273_116_20	   Highly	  multi-­‐mapping	  
cluster.10	   scaffold-­‐15	   176779	   176799	   20	   37	   +	   NemVec_GEU_1273_116_20	   Highly	  multi-­‐mapping	  
cluster.11	   scaffold-­‐15	   180630	   180650	   20	   37	   +	   NemVec_GEU_1273_116_20	   Highly	  multi-­‐mapping	  
cluster.20	   scaffold-­‐2105	   13020	   13040	   20	   37	   +	   NemVec_GEU_1273_116_20	   Highly	  multi-­‐mapping	  
cluster.28	   scaffold-­‐2950	   3475	   3495	   20	   37	   +	   NemVec_GEU_1273_116_20	   Highly	  multi-­‐mapping	  
cluster.30	   scaffold-­‐326	   4925	   4945	   20	   37	   +	   NemVec_GEU_1273_116_20	   Highly	  multi-­‐mapping	  
cluster.31	   scaffold-­‐326	   6592	   6612	   20	   37	   +	   NemVec_GEU_1273_116_20	   Highly	  multi-­‐mapping	  
cluster.32	   scaffold-­‐326	   8102	   8122	   20	   37	   +	   NemVec_GEU_1273_116_20	   Highly	  multi-­‐mapping	  
cluster.33	   scaffold-­‐326	   25051	   25071	   20	   37	   +	   NemVec_GEU_1273_116_20	   Highly	  multi-­‐mapping	  
cluster.34	   scaffold-­‐326	   67071	   67091	   20	   37	   +	   NemVec_GEU_1273_116_20	   Highly	  multi-­‐mapping	  
cluster.35	   scaffold-­‐326	   72438	   72458	   20	   37	   +	   NemVec_GEU_1273_116_20	   Highly	  multi-­‐mapping	  
cluster.36	   scaffold-­‐326	   83259	   83279	   20	   37	   +	   NemVec_GEU_1273_116_20	   Highly	  multi-­‐mapping	  
cluster.37	   scaffold-­‐326	   84094	   84114	   20	   37	   +	   NemVec_GEU_1273_116_20	   Highly	  multi-­‐mapping	  
cluster.38	   scaffold-­‐326	   84929	   84949	   20	   37	   +	   NemVec_GEU_1273_116_20	   Highly	  multi-­‐mapping	  
cluster.39	   scaffold-­‐326	   95102	   95122	   20	   37	   +	   NemVec_GEU_1273_116_20	   Highly	  multi-­‐mapping	  
cluster.40	   scaffold-­‐326	   105991	   106011	   20	   37	   +	   NemVec_GEU_1273_116_20	   Highly	  multi-­‐mapping	  
cluster.41	   scaffold-­‐326	   111155	   111175	   20	   37	   +	   NemVec_GEU_1273_116_20	   Highly	  multi-­‐mapping	  
cluster.42	   scaffold-­‐326	   147851	   147871	   20	   37	   +	   NemVec_GEU_1273_116_20	   Highly	  multi-­‐mapping	  
cluster.43	   scaffold-­‐326	   149364	   149384	   20	   37	   +	   NemVec_GEU_1273_116_20	   Highly	  multi-­‐mapping	  
cluster.44	   scaffold-­‐326	   150873	   150893	   20	   37	   +	   NemVec_GEU_1273_116_20	   Highly	  multi-­‐mapping	  
cluster.47	   scaffold-­‐345	   187823	   187843	   20	   37	   -­‐	   NemVec_GEU_1273_116_20	   Highly	  multi-­‐mapping	  
cluster.61	   scaffold-­‐809	   13526	   13546	   20	   37	   +	   NemVec_GEU_1273_116_20	   Highly	  multi-­‐mapping	  
cluster.62	   scaffold-­‐809	   14359	   14379	   20	   37	   +	   NemVec_GEU_1273_116_20	   Highly	  multi-­‐mapping	  
cluster.63	   scaffold-­‐847	   8017	   8037	   20	   37	   -­‐	   NemVec_GEU_1273_116_20	   Highly	  multi-­‐mapping	  
cluster.17	   scaffold-­‐20	   272857	   272877	   20	   1	   -­‐	   NemVec_GEU_1514_105_20	   Poor	  folding	  
cluster.12	   scaffold-­‐15	   555326	   555348	   22	   43	   -­‐	   NemVec_GEU_2538_75_22	   Highly	  multi-­‐mapping	  
cluster.14	   scaffold-­‐1856	   10113	   10135	   22	   43	   +	   NemVec_GEU_2538_75_22	   Highly	  multi-­‐mapping	  
cluster.15	   scaffold-­‐2	   1728354	   1728376	   22	   43	   +	   NemVec_GEU_2538_75_22	   Highly	  multi-­‐mapping	  
cluster.16	   scaffold-­‐2	   2197677	   2197699	   22	   43	   +	   NemVec_GEU_2538_75_22	   Highly	  multi-­‐mapping	  
cluster.22	   scaffold-­‐22	   48783	   48805	   22	   43	   +	   NemVec_GEU_2538_75_22	   Highly	  multi-­‐mapping	  
cluster.27	   scaffold-­‐292	   184249	   184271	   22	   43	   -­‐	   NemVec_GEU_2538_75_22	   Highly	  multi-­‐mapping	  
cluster.46	   scaffold-­‐34	   473969	   473991	   22	   43	   -­‐	   NemVec_GEU_2538_75_22	   Highly	  multi-­‐mapping	  
cluster.51	   scaffold-­‐529	   49895	   49917	   22	   43	   +	   NemVec_GEU_2538_75_22	   Highly	  multi-­‐mapping	  
cluster.54	   scaffold-­‐708	   44412	   44434	   22	   43	   -­‐	   NemVec_GEU_2538_75_22	   Highly	  multi-­‐mapping	  
cluster.64	   scaffold-­‐94	   742367	   742389	   22	   43	   +	   NemVec_GEU_2538_75_22	   Highly	  multi-­‐mapping	  
cluster.25	   scaffold-­‐262	   44575	   44596	   21	   2	   +	   NemVec_MMU_1908_66_21	   Poor	  folding	  
cluster.49	   scaffold-­‐392	   79629	   79650	   21	   1	   +	   NemVec_PPU_1040_220_21	   Long,	  endo-­‐siRNA	  like	  
cluster.52	   scaffold-­‐589	   6307	   6329	   22	   3	   -­‐	   NemVec_PPU_1115_209_22	   Long,	  endo-­‐siRNA	  like	  
cluster.53	   scaffold-­‐681	   50343	   50365	   22	   3	   -­‐	   NemVec_PPU_1115_209_22	   Poor	  folding	  
cluster.2	   scaffold-­‐1056	   5764	   5786	   22	   4	   +	   NemVec_PPU_12_6409_22	   nve-­‐miR-­‐2024i	  
cluster.1	   scaffold-­‐1056	   1010	   1032	   22	   2	   +	   NemVec_PPU_18_5334_22	   nve-­‐miR-­‐2024h	  
cluster.26	   scaffold-­‐27	   1237793	   1237814	   21	   6	   +	   NemVec_PPU_63_1354_21	   Highly	  multi-­‐mapping	  
cluster.45	   scaffold-­‐3389	   2776	   2797	   21	   6	   +	   NemVec_PPU_63_1354_21	   Highly	  multi-­‐mapping	  
cluster.59	   scaffold-­‐7598	   2248	   2269	   21	   6	   -­‐	   NemVec_PPU_63_1354_21	   Highly	  multi-­‐mapping	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Figure	  4.3.	  Wiggle	  plots	  and	  secondary	  structures	  for	  new	  miRNAs	  in	  N.	  vectensis.	  (A)	  cluster.48	  with	  mapped	   reads	   from	  adult	  male	   (B)	   cluster.3	  with	   reads	   from	  early	  planula	   larvae	   (C)	   cluster.1	  with	  mapped	  reads	  from	  primary	  polyp	  (D)	  cluster.2	  with	  mapped	  reads	  from	  primary	  polyp.	  See	  Table	  4.2	  for	  the	  genomic	  location	  of	  each	  cluster.	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 4.2.5 High-uniformity index-possessing endo-siRNAs in M. leidyi 
 
A significant number of M. leidyi endo-siRNA clusters also show high efficiencies 
despite this species possessing no miRNA system (Figure 4.2d, Table 4.3). Upon 
inspection, several revealed a unique phased architecture unlike any previously reported 
for an animal species. Exemplified by cluster.16 (Figure 4.4a), these loci possess a 
repetitive structure to which the dominant small RNAs map linearly with a two-nucleotide 
gap between each copy. Cluster.16 contains seven sequential small RNA mapping sites, 
six of which are identical with the remainder differing by a single nucleotide. The dominant 
small RNA from this locus was found to map to 27 sites in the genome, six of which occur 
in cluster.16 with the remainder spread over five more clusters, all of which are phased. 
Interestingly, only in the sample from Woods Hole, MA, USA is this phased read dominant. 
The second sample collected from Miami, FL, USA does express this particular read but it 
is not dominant, resulting in a more complex small RNA architecture at this locus (Figure 
4.4a). No other phased high-uniformity index-possessing clusters were identified.  
 
 Table	   4.3.	   Details	   of	   all	   M.	   leidyi	   high-­‐uniformity	   index-­‐possessing	   clusters.	   For	   each	   cluster,	   the	  dominant	  read	  with	  the	  highest	  expression	  from	  one	  of	  the	  two	  datasets	  was	  chosen	  as	  representative.	  Those	  clusters	  with	  (xY)	   in	  the	  Dominant	  read-­‐length	  column	  possess	  Y	  number	  of	  sites	  that	  encode	  the	  dominant	  read.	  	  	  
Cluster	  Name	   Scaffold	   Start	   Stop	  
Dominant	  
read-­‐length	  
Multi-­‐
mapping	   Strand	   Dominant	  read	   Comments	  
cluster.3	   ML0032	   253992	   254013	   21	   5	   -­‐	   Mnemiopsis_1_164_1229_21	   Not	  phased	  
cluster.26	   ML0690	   16917	   16937	   20	   1	   -­‐	   Mnemiopsis_1_17_28537_20	   Not	  phased	  
cluster.11	   ML0266	   58507	   58528	   21	  (x6)	   27	   -­‐	   Mnemiopsis_1_18_24119_21	   Phased	  
cluster.12	   ML0266	   63298	   63319	   21	  (x2)	   27	   -­‐	   Mnemiopsis_1_18_24119_21	   Phased	  
cluster.16	   ML0370	   117395	   117416	   21	  (x6)	   27	   -­‐	   Mnemiopsis_1_18_24119_21	   Phased	  
cluster.17	   ML0370	   119537	   119558	   21	  (x5)	   27	   -­‐	   Mnemiopsis_1_18_24119_21	   Phased	  
cluster.62	   ML4737	   39970	   39991	   21	  (x3)	   27	   +	   Mnemiopsis_1_18_24119_21	   Phased	  
cluster.63	   ML4737	   42038	   42059	   21	  (x2)	   27	   +	   Mnemiopsis_1_18_24119_21	   Phased	  
cluster.21	   ML0473	   35262	   35283	   21	   6	   -­‐	   Mnemiopsis_1_30_11297_21	   Not	  phased	  
cluster.22	   ML0473	   36075	   36096	   21	  (x2)	   6	   -­‐	   Mnemiopsis_1_30_11297_21	   Not	  phased	  
cluster.34	   ML0907	   4292	   4313	   21	   6	   +	   Mnemiopsis_1_30_11297_21	   Not	  phased	  
cluster.47	   ML2039	   51638	   51659	   21	   6	   -­‐	   Mnemiopsis_1_30_11297_21	   Not	  phased	  
cluster.48	   ML2039	   52129	   52150	   21	   6	   -­‐	   Mnemiopsis_1_30_11297_21	   Not	  phased	  
cluster.6	   ML0117	   243629	   243650	   21	   35	   +	   Mnemiopsis_1_51_5310_21	   Not	  phased	  
cluster.57	   ML2962	   126440	   126461	   21	   35	   -­‐	   Mnemiopsis_1_51_5310_21	   Not	  phased	  
cluster.60	   ML3582	   130	   151	   21	   1	   +	   Mnemiopsis_2_10_18167_21	   Not	  phased	  
cluster.10	   ML0250	   187525	   187546	   21	   40	   +	   Mnemiopsis_2_1110_649_21	   Not	  phased	  
cluster.23	   ML0496	   251195	   251216	   21	   40	   +	   Mnemiopsis_2_1110_649_21	   Not	  phased	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cluster.24	   ML0508	   181945	   181966	   21	   40	   +	   Mnemiopsis_2_1110_649_21	   Not	  phased	  
cluster.28	   ML0857	   37463	   37484	   21	   40	   +	   Mnemiopsis_2_1110_649_21	   Not	  phased	  
cluster.25	   ML0626	   29122	   29143	   21	   9	   +	   Mnemiopsis_2_12097_112_21	   Not	  phased	  
cluster.38	   ML1168	   35145	   35166	   21	   9	   -­‐	   Mnemiopsis_2_12097_112_21	   Not	  phased	  
cluster.61	   ML4366	   7962	   7983	   21	   1	   -­‐	   Mnemiopsis_2_1225_607_21	   Not	  phased	  
cluster.31	   ML0871	   144091	   144112	   21	   26	   -­‐	   Mnemiopsis_2_1279_593_21	   Not	  phased	  
cluster.35	   ML0954	   32913	   32934	   21	   26	   +	   Mnemiopsis_2_1279_593_21	   Not	  phased	  
cluster.41	   ML1393	   116889	   116910	   21	   26	   +	   Mnemiopsis_2_1279_593_21	   Not	  phased	  
cluster.56	   ML2949	   141013	   141034	   21	   26	   +	   Mnemiopsis_2_1279_593_21	   Not	  phased	  
cluster.13	   ML0277	   84760	   84781	   21	   4	   +	   Mnemiopsis_2_128_2550_21	   Not	  phased	  
cluster.40	   ML1207	   195503	   195524	   21	   4	   -­‐	   Mnemiopsis_2_128_2550_21	   Not	  phased	  
cluster.51	   ML2213	   234366	   234387	   21	   4	   -­‐	   Mnemiopsis_2_128_2550_21	   Not	  phased	  
cluster.58	   ML3295	   124026	   124047	   21	   4	   +	   Mnemiopsis_2_128_2550_21	   Not	  phased	  
cluster.1	   ML0021	   204458	   204479	   21	   34	   +	   Mnemiopsis_2_130_2542_21	   Not	  phased	  
cluster.20	   ML0467	   63003	   63024	   21	   34	   -­‐	   Mnemiopsis_2_130_2542_21	   Not	  phased	  
cluster.30	   ML0871	   42937	   42958	   21	   34	   +	   Mnemiopsis_2_130_2542_21	   Not	  phased	  
cluster.50	   ML2056	   153483	   153504	   21	   34	   +	   Mnemiopsis_2_130_2542_21	   Not	  phased	  
cluster.46	   ML1932	   134473	   134495	   22	   1	   -­‐	   Mnemiopsis_2_136_2450_22	   Not	  phased	  
cluster.4	   ML0106	   177598	   177619	   21	   13	   -­‐	   Mnemiopsis_2_1435_551_21	   Not	  phased	  
cluster.8	   ML0191	   133314	   133335	   21	   13	   -­‐	   Mnemiopsis_2_1435_551_21	   Not	  phased	  
cluster.53	   ML2528	   84476	   84497	   21	   1	   +	   Mnemiopsis_2_17_14588_21	   Not	  phased	  
cluster.15	   ML0306	   3410	   3431	   21	   38	   +	   Mnemiopsis_2_1718_488_21	   Not	  phased	  
cluster.18	   ML0441	   184618	   184639	   21	   20	   +	   Mnemiopsis_2_207_1894_21	   Not	  phased	  
cluster.43	   ML1621	   2988	   3009	   21	   20	   -­‐	   Mnemiopsis_2_207_1894_21	   Not	  phased	  
cluster.64	   ML4814	   1295	   1316	   21	   20	   +	   Mnemiopsis_2_207_1894_21	   Not	  phased	  
cluster.5	   ML0117	   55036	   55057	   21	   7	   -­‐	   Mnemiopsis_2_2160_414_21	   Not	  phased	  
cluster.55	   ML2715	   294324	   294345	   21	   9	   -­‐	   Mnemiopsis_2_2632_365_21	   Not	  phased	  
cluster.19	   ML0452	   272996	   273017	   21	   6	   +	   Mnemiopsis_2_290_1523_21	   Not	  phased	  
cluster.7	   ML0154	   10753	   10774	   21	   9	   +	   Mnemiopsis_2_296_1509_21	   Not	  phased	  
cluster.37	   ML1046	   132568	   132589	   21	  (x2)	   9	   -­‐	   Mnemiopsis_2_296_1509_21	   Not	  phased	  
cluster.52	   ML2383	   375	   396	   21	   2	   +	   Mnemiopsis_2_30_6452_21	   Not	  phased	  
cluster.32	   ML0900	   9537	   9558	   21	   22	   -­‐	   Mnemiopsis_2_3351_302_21	   Not	  phased	  
cluster.44	   ML1670	   435324	   435345	   21	   22	   +	   Mnemiopsis_2_3351_302_21	   Not	  phased	  
cluster.59	   ML3434	   220438	   220459	   21	   22	   +	   Mnemiopsis_2_3351_302_21	   Not	  phased	  
cluster.36	   ML1039	   68063	   68084	   21	   31	   -­‐	   Mnemiopsis_2_340_1414_21	   Not	  phased	  
cluster.45	   ML1895	   4661	   4682	   21	   31	   +	   Mnemiopsis_2_340_1414_21	   Not	  phased	  
cluster.49	   ML2056	   46387	   46408	   21	   31	   -­‐	   Mnemiopsis_2_340_1414_21	   Not	  phased	  
cluster.33	   ML0901	   3528	   3549	   21	   3	   -­‐	   Mnemiopsis_2_35_6012_21	   Not	  phased	  
cluster.27	   ML0713	   268632	   268653	   21	   3	   -­‐	   Mnemiopsis_2_3608_286_21	   Not	  phased	  
cluster.9	   ML0200	   501530	   501551	   21	   1	   -­‐	   Mnemiopsis_2_40_5776_21	   Not	  phased	  
cluster.2	   ML0032	   233879	   233899	   20	  (x2)	   3	   +	   Mnemiopsis_2_442_1185_20	   Not	  phased	  
cluster.42	   ML1397	   54308	   54328	   20	   3	   -­‐	   Mnemiopsis_2_442_1185_20	   Not	  phased	  
cluster.54	   ML2705	   285427	   285448	   21	   3	   +	   Mnemiopsis_2_479_1131_21	   Not	  phased	  
cluster.14	   ML0303	   12574	   12595	   21	   1	   +	   Mnemiopsis_2_561_1024_21	   Not	  phased	  
cluster.29	   ML0859	   63595	   63616	   21	   1	   +	   Mnemiopsis_2_69_3788_21	   Not	  phased	  
cluster.39	   ML1203	   32234	   32255	   21	   34	   -­‐	   Mnemiopsis_2_905_750_21	   Not	  phased	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 Figure	  4.4	  Wiggle	  plots	  and	  secondary	  structures	  for	  high-­‐uniformity	  index-­‐possessing	  M.	  leidyi	  endo-­‐siRNA	  clusters.	   In	  red	  are	  reads	   from	  library	  1	  (Massachusetts)	  and	   in	  blue	  are	  reads	   from	  library	  2	  (Florida).	  Positive	  values	   indicate	   that	   the	   reads	  map	   to	   the	  +	   strand	  while	  negative	  values	   indicate	  that	  reads	  map	  to	  the	  -­‐	  strand.	  For	  (A),	  the	  dominant	  read	  multi-­‐maps	  and	  so	  each	  peak	  represents	  the	  full	   complement	   of	   sequenced	   reads,	   not	   just	   the	   reads	   produced	   from	   that	   location.	   For	   (B-­‐D),	   the	  dominant	  read	  maps	  uniquely	  and	  so	  pictured	  are	   the	   true	  origins	  of	   these	  reads.	   (A)	  cluster.11	   (B)	  cluster.26	  (C)	  cluster.60	  (D)	  cluster.53.	  See	  Table	  4.3	  for	  the	  genomic	  loci	  of	  each	  cluster.	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Non-phased endo-siRNA clusters in Mnemiopsis with high-uniformity indices are 
plentiful. While most of these clusters encode multi-mapping dominant reads, 19 clusters 
encode either a uniquely mapping dominant read or all mappings of the dominant read can 
be accounted for by one of the identified high-uniformity index-possessing clusters (Figure 
4.4b-d). No clear pattern of secondary structure is evident from these clusters. 
Nevertheless, the vast majority of reads do map to one strand, which is suggestive of a 
single-stranded RNA precursor transcript.  
 
4.2.6 High-uniformity index-possessing endo-siRNAs and novel miRNAs in A. 
queenslandica 
 
High-uniformity index-possessing endo-siRNA clusters for A. queenslandica are 
discussed in detail in Chapter 3. 
 
4.2.7 High-uniformity index-possessing M. leidyi 25-mer clusters 
 
Most M. leidyi 25-mer clusters have low-uniformity indices but there are two clear 
exceptions (Figure 4.5a-d). The majority of reads expressed from these loci map to one 
strand only, which is often indicative of the processing of a single-stranded precursor 
transcript. While single stranded precursor transcripts are typical of all three animal RNAi 
systems, piRNA precursors differ to those of endo-siRNAs and miRNAs in that secondary 
structure is not critical for their biogenesis. No consistent pattern of predicted secondary 
structures is observed for these clusters (Figure 4.5e-f). Reads mapping to 25-mer clusters 
show a strong bias for a uracil at position one but do not have the bias for an adenosine at 
position 10 that is typical of piRNAs involved in the ‘ping-pong’ piRNA biogenesis pathway.  
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Figure	  4.5	  Mappers	  versus	  counts	  for	  all	  M.	  leidyi	  clusters	  producing	  predominantly	  25nt	  reads	  (A-­‐D)	  and	  wiggle	   plots	   for	   the	   two	   25-­‐mer	   clusters	   with	   the	   highest	   uniformity	   indices	   (E-­‐F).	   For	   wiggle	  plots,	   the	   red	   line	   indicates	   reads	   from	   library	   1	   (Massachusetts)	   and	   the	   blue	   line	   indicates	   reads	  from	   library	   2	   (Florida).	   Positive	   values	   indicate	   that	   the	   reads	  map	   to	   the	   +	   strand	  while	   negative	  values	   indicate	   that	   reads	  map	   to	   the	   -­‐	   strand.	   (A)	   Library	   1	  multi-­‐mapping	   clusters	   (B)	   Library	   1	  unique	   clusters	   (C)	   Library	  2	  multi-­‐mapping	   clusters	   (D)	  Library	  2	  unique	   clusters	   (E)	   cluster.1586	  (ML0045:78760-­‐78975)	  (F)	  cluster.17564	  (ML1223:300-­‐540).	  
 
4.2.8 piRNA clusters 
 
In A. queenslandica, M. leidyi and N. vectensis, the uniformity index of piRNA 
clusters is generally low (Figure 4.6a-c). No clear distinction exists between the uniformity 
indices of any piRNA sub-populations of the type that exists between endo-siRNAs and 
miRNAs. In those libraries where clusters are found with high-uniformity indices, a 
continuous range between low and high-uniformity indices is observed.  
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Figure	  4.6	  Mappers	  versus	  counts	  for	  all	  clusters	  in	  the	  piRNA	  size	  range.	  Four	  datasets,	  one	  from	  each	  species,	   are	   pictured.	   In	   all	   cases,	   clusters	   include	   multi-­‐mapping	   reads.	   For	   (D),	   blue	   circles	   are	  putative	   piRNAs,	   red	   squares	   are	   miRNAs,	   green	   triangles	   are	   tRNAs	   and	   grey	   crosses	   are	   X-­‐chromosome/armU	  sequences.	  (A)	  A.	  queenslandica	  adult,	  (B)	  M.	  leidyi	  library	  2,	  (C)	  N.	  vectensis	  adult	  male,	  (D)	  D.	  melanogaster	  adult	  female	  head.	  	  
A small number of D. melanogaster putative piRNA clusters show exceptionally 
high-uniformity indices (Figure 4.6d). In the adult female head library putative piRNAs with 
high-uniformity indices fit into one of three categories. Several clusters correspond to 
known miRNAs that appear to express small RNAs in the size range of piRNAs in this 
particular developmental stage. Another subset of clusters with high-uniformity indices are 
tRNAs that express abundant piRNA-sized small RNAs while the third and most abundant 
class reside on the armU construct and BLAST to X chromosome loci, as was observed 
for some siRNA clusters from first instar larvae (Figure 4.2b). In total, ten regions on the 
armU construct were identified from cluster data that produce BLAST hits to X 
chromosomal regions (Appendix C: Table S4.1). Small RNA expression in these regions 
was compared between all 11 small RNA libraries to observe expression dynamics across 
developmental time (Figure 4.7). In all stages, these regions produce highly abundant 
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small RNA populations. Only in the first instar larvae and the 12-24h embryo does small 
RNA expression peak at 20nt while a 25nt peak is observed only in the adult female head. 
 
 
 
 
 
 
 
 
 
 Figure	  4.7.	  Read	   length	  distribution	  of	   small	  RNAs	  mapping	   to	  10	  X-­‐chromosome	   like	  regions	  of	   the	  armU	   construct	   for	   each	   D.	   melanogaster	   developmental	   dataset.	   In	   red	   are	   the	   first	   instar	   larvae	  libraries	  and	  in	  green	  is	  the	  adult	  female	  head	  library.	  All	  other	  libraries	  are	  in	  grey.	  	  
 The ‘ping-pong’ piRNA biogenesis signature, a bias for a uracil at position one and 
an adenosine at position 10 (Lau et al. 2009), is detectable in the piRNAs of all four 
species except for in the M. leidyi library 1 (Figure 4.8). Both ctenophore libraries were 
constructed from embryo samples but while sample 1 from Massachusetts included 
individuals between 15 and 30 hours post-fertilisation, sample 2 from Florida was taken 0-
30 hours post-fertilisation. Maternal inheritance of primary piRNAs has been reported for 
D. melanogaster (Blumenstiel and Hartl 2005, Brennecke et al. 2008, Rouget et al. 2010) 
and maternally-deposited ping-pong-generated piRNAs present in unfertilised eggs of N. 
vectensis (Figure 4.8c) are less apparent by the blastula stage of development (Figure 
4.8d). It is possible that the ping-pong piRNA biogenesis signature present in M. leidyi 
sample 2 deteriorates soon after fertilisation, explaining its absence in sample 1. 
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 Figure	  4.8	  Nucleotide	   frequency	  biases	  over	   the	   length	  of	  multi-­‐mapping	  reads	   from	  putative	  piRNA	  clusters	  in	  M.	  leidyi	  and	  N.	  vectensis.	  (A)	  M.	  leidyi	  sample	  1	  from	  Massachusetts,	  (B)	  M.	  leidyi	  sample	  2	  from	  Florida,	  (C)	  N.	  vectensis	  unfertilised	  egg,	  (D)	  N.	  vectensis	  blastula. 
 
 4.2.9 RNAi complement 
 
Among species, the relative contributions made to the small RNAome of each by 
the different RNAi components, differs drastically (Figure 4.9). In both A. queenslandica 
and D. melanogaster, miRNAs make up the bulk of mapped small RNAs while for M. leidyi 
and N. vectensis, endo-siRNAs and piRNAs respectively are numerically dominant. Apart 
from the N. vectensis libraries, a substantial proportion of each library remains unassigned 
to one of the three RNAi classes. As explained in Chapter 3, this is likely due to the 
stringent requirements of RNAiTool for successful cluster annotation and due to the 
existence of non-RNAi related small RNAs produced by each organism. 
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  Figure	  4.9	  Library	  contributions	  from	  each	  RNAi	  component	  as	  a	  percentage	  of	  the	  total	  library	  depth.	  Only	  one	  instance	  of	  each	  multi-­‐mapping	  read	  was	  counted.	  (A)	  A.	  queenslandica,	  (B)	  M.	  leidyi,	  (C)	  N.	  vectensis,	  (D)	  D.	  melanogaster.	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 4.2.10 Genomic context 
 
The genomic context of both endo-siRNA and piRNA cluster expression was 
established for each species as was conducted in Chapter 3. Although each species has a 
unique small RNA makeup (Figure 4.9), similarities in the genomic context of RNAi 
expression is suggestive of conserved roles for these systems (Figures 4.10, 4.11). Multi-
mapping endo-siRNAs and piRNAs derive primarily from transposons in all species. In A. 
queenslandica and D. melanogaster, unique endo-siRNA clusters frequently map to 
coding genes with coding exons, 5’ UTRs and 3’ UTRs all responsible for endo-siRNA 
production. In both species, intron-mapping unique endo-siRNA clusters are under-
represented compared to genome coverage, which suggests that endo-siRNA production 
occurs largely after intron splicing. Unique endo-siRNA clusters also map to coding genes 
in M. leidyi and N. vectensis, however in these species, distributions of coding gene 
mapping endo-siRNAs are more similar to the abundances observed for each element in 
their respective genomes. Unique endo-siRNA and unique piRNA clusters are much less 
abundant in all species than their multi-mapping counterparts (Appendix C: Tables S4.2, 
S4.3). 
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  Figure	  4.10	  Genomic	  context	  of	  endo-­‐siRNA	  cluster	  expression	  for	  all	  unique	  and	  multi-­‐mapping	  clusters.	  Each	  bar	  represents	  all	  of	  endo-­‐siRNA	  clusters	  from	  a	  particular	  dataset	  with	  colour-­‐coded	  segments	  representing	  the	  percentage	  mapping	  to	  the	  specified	  genomic	  elements.	  	  Percentages	  slightly	  exceed	  100%	  due	  to	  some	  regions	  encoding	  multiple	  types	  of	  element.	  (A)	  D.	  melanogaster,	  (B)	  A.	  queenslandica,	  (C)	  M.	  leidyi,	  (D)	  N.	  vectensis.	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  Figure	  4.11	  Genomic	  context	  of	  piRNA	  cluster	  expression	  for	  all	  unique	  and	  multi-­‐mapping	  clusters.	  	  Within	  each	  graph,	  each	  bar	  represents	  all	  of	  piRNA	  clusters	   from	   a	   particular	   dataset	   with	   colour-­‐coded	   segments	   representing	   the	   percentage	   mapping	   to	   the	   specified	   genomic	   elements.	   Percentages	  slightly	  exceed	  100%	  due	  to	  some	  regions	  encoding	  multiple	  types	  of	  element.	  (A)	  D.	  melanogaster,	  (B)	  A.	  queenslandica,	  (C)	  M.	  leidyi,	  (D)	  N.	  vectensis.	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 The genomic context of M. leidyi 25-mer clusters were compared to that of endo-
siRNA and piRNA clusters. In both libraries, endo-siRNAs and piRNAs were more distinct 
from the genomic distribution of features than were 25-mer clusters (Figure 4.12). 
Transposons were overrepresented by both endo-siRNAs and piRNAs but differences in 
the proportion of each mapping to either known and unknown transposons is suggests 
their biological functions are non-redundant. 
 
 
 
 
 
 
 
 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Figure	   4.12.	   Comparison	   of	   the	   genomic	   contexts	   of	   cluster	   expression	   for	   endo-­‐siRNAs	   (endos),	  piRNAs	  and	  25-­‐mer	  RNAs.	  Percentages	  slightly	  exceed	  100%	  due	  to	  some	  regions	  encoding	  multiple	  types	  of	  element.	  (A)	  M.	  leidyi	  library	  1	  (Massachusetts),	  (B)	  M.	  leidyi	  library	  2	  (Florida).	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 4.2.11 Developmental dynamics of endo-siRNA and piRNA cluster expression 
 
Unlike miRNAs, the endo-siRNA and piRNA RNAi systems are highly complex with 
the detection of thousands of expressed clusters a common occurrence within each 
dataset. This complexity renders traditional methods for visualising individual cluster 
expression changes unmanageable. To visualise the developmental dynamics of RNAi 
cluster expression, Circos plots were constructed from the RNAi_normaliser.sh output (see 
Chapter 2; (Krzywinski et al. 2009). These plots link genomic locations that co-express a 
particular cluster across two developmental stages (Figure 4.13, Appendix C: Figure S4.4).  
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Figure	  4.13	  Circos	  plots	  of	  endo-­‐siRNA	  and	  piRNA	  co-­‐expression	  across	  development.	  For	  each	  pair	  of	  plots,	   the	   top	   plot	   describes	   endo-­‐siRNA	   co-­‐expression	   and	   the	   bottom	   plot	   describes	   piRNA	   co-­‐expression.	   Each	   ‘karyotype’	   represents	   a	   distinct	   developmental	   stage	   and	   links	   between	   identical	  regions	  on	  different	  karyotypes	  indicates	  co-­‐expression	  of	  a	  particular	  cluster	  in	  these	  two	  stages.	  (A)	  
D.	  melanogaster,	  (B)	  A.	  queenslandica,	  (C)	  N.	  vectensis.	  
 
The near completion of the D. melanogaster genome allowed for Circos plots to be 
constructed for all chromosomes in this species (Figure 4.13a). As the genomes of both A. 
queenslandica (Figure 4.13b) and N. vectensis (Figure 4.13c) are still at the draft stage of 
assembly, only the ten largest scaffolds were considered for each species. Even though a 
genome-wide view was not possible in these species, Circos plots were still informative for 
visualising cluster expression dynamics. Circos plots were not constructed for M. leidyi 
clusters, as developmental data were not available. 
 
 Visualising cluster expression dynamics using Circos plots is an effective way to aid 
comprehension of such complex systems. This approach allows for rapid identification of 
cluster expression ‘hot spots’ such as those on contigs 13515, 13517, 13518 and 13522 of 
A. queenslandica that consistently produce large numbers of piRNAs (Figure 4.13b). 
Despite a fairly consistent proportion of piRNA production in N. vectensis over 
development (Figure 4.9), it is evident that the piRNA profile of adult males from the ten 
largest scaffolds is distinct from that of other stages of development including that of adult 
females (Figure 4.13c). 
 
4.3 Discussion 
 
 4.3.1 RNA interference systems in early branching metazoans 
 
 The RNA interference systems of early branching metazoans are complex in both 
their composition and their dynamics. Although predominantly comprised of the same 
three major systems that constitute the bilaterian RNAi repertoire, the degree to which 
each system is required varies drastically between lineages. While miRNAs dominate the 
RNAi repertoire of bilaterians, piRNAs make up the majority of small RNAs in cnidarians 
(Grimson et al. 2008, Krishna et al. 2013, Liew et al. 2014, Moran et al. 2014). In 
ctenophores, miRNAs are entirely absent (Maxwell et al. 2012, Ryan et al. 2013, Moroz et 
al. 2014) and endo-siRNAs are most abundant. 
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 In spite of these quantitative differences, similarities in the genomic features 
responsible for the production of each RNAi class suggest conservation of function 
between lineages. Sponges are thought to have diverged from the eumetazoan lineage 
between 700 and 800 million years ago (Peterson et al. 2008) and yet the genomic 
organisation of the endo-siRNA and piRNA systems is remarkably similar between A. 
queenslandica and D. melanogaster (Figures 4.10, 4.11). Evidently, the period between 
the emergence of metazoans and the divergence of sponges was one of unprecedented 
innovation for animal RNAi systems. 
 
4.3.2 Novel miRNA annotation 
 
In Chapter 3, seven new miRNAs were described in the sponge A. queenslandica 
following their initial identification due to their high cluster uniformity indices. Using the 
same approach, four new miRNAs were also identified from N. vectensis mapped small 
RNA datasets, all of which were copies of previously annotated miRNAs from this species. 
This study has confirmed that the pattern of high uniformity index values for miRNAs and 
low-uniformity index values for endo-siRNAs, initially discovered to be true for the sponge 
A. queenslandica, is also consistent in the cnidarian N. vectensis and the bilaterian fruit fly 
D. melanogaster. While the uniformity index has proven useful in the discovery of new 
miRNAs, its utility for this purpose is likely limited to those miRNAs that are relatively 
highly expressed. As can be seen in Figure 4.2 and Appendix C: Figure S4.3, a number of 
previously identified but lowly expressed miRNAs have uniformity indices reminiscent of 
endo-siRNAs in certain developmental contexts. If these miRNAs had not been previously 
identified by other means, it is unlikely that the use of the uniformity index would have 
identified these regions as potential novel miRNAs. Regardless, this approach has proven 
to be useful and has been crucial in the identification of miRNAs in two species that had 
been overlooked by previous studies employing other methods. The calculation of the 
uniformity index is simple and so can be integrated into other programs as a rapid mode of 
potential miRNA identification. 
 
4.3.3 High-uniformity index-possessing non-miRNA clusters in D. melanogaster 
 
While no novel miRNAs were detected in D. melanogaster, a number of clusters 
with high-uniformity indices were identified in both the endo-siRNA and piRNA analyses 
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(Figures 4.2b, 4.6d). Amongst these were clusters that map to regions of the armU 
construct but which produce BLAST hits to X-chromosome regions. In total, ten such loci 
were found, all of which express abundant small RNA populations. These regions were 
detected by RNAiTool analysis in only two distinct biological contexts (first instar larvae 
and adult female head). In both cases, the small RNA population possessed a unique 
read-length distribution profile (Figure 4.7). In most other developmental stages, the 
abundant small RNA populations mapping to these regions peak at 17-18nt in length and 
more closely resemble a degradation-like read-length distribution pattern. Small RNA 
production from these regions contributed to endo-siRNAs being the most abundant RNAi 
class in first instar larvae. In all other libraries, miRNAs dominate (Figure 4.9d). 
 
The armU construct is comprised of sequenced genomic regions that have not been 
successfully integrated into one of the known chromosomes (Smith et al. 2007). These 
scaffolds are often comprised of repetitive sequences and represent in large part, 
heterochromatic regions (Smith et al. 2007). siRNAs have been implicated in X-
chromosome dosage compensation in D. melanogaster where knockout of the siRNA 
specific Ago2 gene affects male survival (Menon and Meller 2012). In contrast to 
mammals where dosage compensation occurs through the inactivation of one copy of the 
X chromosome in females, dosage compensation in D. melanogaster occurs through the 
enhancement of the transcription of genes located on the single male X chromosome 
(Gilfillan et al. 2004, Conrad and Akhtar 2012). The first instar larvae libraries used in this 
study were constructed from a mixed-sex population but dosage compensation is a male 
only process. If the armU regions identified here are truly involved in dosage 
compensation, library construction from a male-only first instar larvae population would be 
predicted to enhance the endo-siRNA signal and reduce noise while no evidence of an 
endo-siRNA population would be predicted from a female-only library. 
 
The shift to a small RNA population dominated by reads of the length typical of 
piRNAs in the adult female head also warrants further investigation. This library is, by 
definition, entirely somatic and so does not fit the canonical model of piRNA function in the 
silencing of transposable elements in the germline. piRNA-like small RNA production also 
occurs from a smaller number of these loci in both the adult female and adult male body 
libraries. The expression of an X-chromosome-like armU endo-siRNA population arising in 
two independent first instar larval datasets provides a level of confidence that the 
observation is not merely an anomaly. Such replication of the adult female head result will 
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also be required prior to any further investigation of the function of this population of small 
RNAs. 
 
In addition to the armU loci, five tRNAs expressing highly uniform piRNA length 
reads were identified in the D. melanogaster adult female head library. In humans, the Piwi 
orthologue Hiwi2 associates predominantly with tRNA-derived small RNAs of the size 
consistent with piRNAs from this species (Keam et al. 2014). These human tRNA-derived 
piRNAs (tRF-piRNAs) also appear to be highly uniform. In D. melanogaster, tRF-piRNAs 
have not been described previously but the data presented here, including the absence of 
any tRF-piRNA detection in A. queenslandica, M. leidyi or N. vectensis, indicate that they 
may be a feature common to bilaterians. 
 
4.3.4 High-uniformity index-possessing clusters in M. leidyi 
 
Of the four species surveyed in this study, the ctenophore M. leidyi is the most 
enigmatic. Apart from the placozoan Trichoplax adhaerens (Grimson et al. 2008), a 
putatively-reduced eumetazoan of unclear phylogenetic origins, ctenophores are the only 
group of complex, tissue-bearing animals known that do not possess a miRNA regulatory 
system (Grimson et al. 2008, Maxwell et al. 2012, Ryan et al. 2013). In animal miRNA 
systems, the Microprocessor complex, composed of Drosha and Pasha (DGCR8 in 
vertebrates) (Denli et al. 2004), is critical for the precise processing of miRNAs that leads 
to their characteristic high efficiencies. The results presented here show that in the 
absence of these two proteins, M. ledyi is still able to produce specific reads from endo-
siRNA clusters in high abundance. Furthermore, two distinct size classes (21 nt and 25 nt) 
of small RNA are produced. 
 
The phased endo-siRNAs of M. leidyi are unprecedented amongst animals but in 
plants, phased trans-acting siRNAs (ta-siRNAs) have been described (Peragine et al. 
2004, Vazquez et al. 2004). The primary transcripts of these loci are reverse transcribed 
by RDR6, an RNA-dependent RNA polymerase, and are subsequently targeted by 
miRNAs which provide the initial cleavage required for subsequent phased cleavages 
(Allen et al. 2005). Phased ta-siRNA transcripts in plants are arranged so that each siRNA 
abuts another with no gap between each. The phased loci described here in M. leidyi 
include a 2 nt gap located between each copy of the dominant read (Figure 4.4). Given the 
lack of miRNAs in this species, cleavage initiation must also differ between plants and 
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ctenophores. M. leidyi does, however, possess RNA-dependent RNA polymerases 
(RdRPs) (Figure 4.14), indicating a potential capacity for second strand synthesis of 
single-stranded primary RNA transcripts. The lack of consistent secondary structural 
features for clusters with high-uniformity indices suggests that RdRP may be a common 
player in M. leidyi endo-siRNA production, although the small RNA strand bias observed 
for these loci would seem to be at odds with such a system (Figures 4.4, 4.5). In the 
absence of any mechanism for strand selection, a double-stranded RNA duplex would be 
expected to produce small RNAs equally from both strands. It is also unusual that a single 
read is dominant in all phased loci in M. leidyi and that this read is dominant only in the 
sample collected from Florida and not from the Massachusetts sample. 
 
	  Figure	  4.14.	  M.	  leidyi	  RdRPs	  obtained	  with	  HMMSearch	  from	  the	  HMMER	  package	  (Eddy	  2009)	  using	  the	  Pfam	  (Finn	  et	  al.	  2010)	  RdRP	  model	  PF05183.7.	  Gene	  names	  are	  as	  per	  the	  genome	  release	  (Ryan	  
et	  al.	  2013).	  
 
4.3.5 Genomic context and developmental expression dynamics of endo-siRNAs 
and piRNAs 
 
Across all four species, both endo-siRNAs and piRNAs display broad similarities in 
the genomic contexts to which they map. Both endo-siRNAs and piRNAs have roles in the 
control of transposable elements and this is reflected in the results presented here 
(Figures 4.10, 4.11). The tendency for unique endo-siRNAs to map to coding sequences, 
first observed for A. queenslandica in Chapter 3, is shared with D. melanogaster but is less 
apparent in N. vectensis and M. leidyi.  
 
These similarities between species and the relative stability of small RNA library 
composition between developmental stages (Figure 4.9) belie the truly dynamic nature of 
endo-siRNA and piRNA expression across development. As the developmental stages 
sampled from each species are not necessarily equivalent, they cannot be directly 
compared. Nevertheless, comparisons within a species between developmental stages 
are informative.  
 
	  	   113	  
In adult N. vectensis, males and females co-express a large number of endo-siRNA 
clusters that are spread across different scaffolds, making these libraries most similar in 
terms of endo-siRNA expression in this species (Figure 4.13c). In contrast, a largely 
consistent pattern of piRNA cluster expression can be seen across developmental stages, 
the exception to which is the adult male library. The percentage of the adult male library 
composed of piRNAs is not dissimilar to other developmental stages (Figure 4.9) and so, 
at least for those clusters mapping to the ten largest scaffolds, adult males must produce a 
piRNA repertoire distinct from other developmental stages. 
 
In bilaterians, primary piRNA transcripts are often kilobases in length (Aravin et al. 
2006, Lau et al. 2006). The Circos plot of A. queenslandica piRNA expression indicates 
that this may also be the case for this species. Although piRNAs are spread across most 
scaffolds, particularly high rates of expression that are localised to a limited number of 
scaffolds may indicate asymmetric piRNA production from across a smaller number of 
much longer primary transcripts (Figure 4.13b). Scaffold_1 of N. vectensis produces the 
most consistent and the broadest piRNA population from this species and so may signify 
the existence of a large primary transcript. The pattern in this species is not as clear as 
that in the sponge but this does not negate the possibility that other long primary piRNA 
transcripts may be expressed from genomic regions not covered by the ten scaffolds 
investigated here. 
 
4.3.6 M. leidyi 25-mer clusters and piRNAs 
 
The roles of the 25-mer clusters of M. leidyi are yet to be determined. Like both 
endo-siRNAs and piRNAs, reads from these loci possess a strong bias for a uracil at their 
most 5’ nucleotide. While no position 10 adenosine, the so-called ‘ping-pong’ piRNA 
biogenesis signature, is observed for these reads, this does not rule out the possibility of 
their association with a Piwi effector protein. A lack of developmental small RNA datasets 
made it impossible to conduct a co-expression analysis of M. leidyi RNAi clusters but the 
genomic context of 25-mer clusters showed more in common with piRNAs than endo-
siRNAs. Multi-mapping endo-siRNA clusters are more likely to map to transposons than 
are multi-mapping piRNAs or 25-mers, setting them apart in this regard. More work is 
required to establish which RNAi class, if either, these clusters belong to. 
 
	  	   114	  
Confirmation is also required for the observation of a ping-pong biogenesis 
signature in the piRNAs of M. leidyi library 2. While maternally-inherited piRNAs have been 
reported (Blumenstiel and Hartl 2005, Brennecke et al. 2008, Rouget et al. 2010), the 
primary role of piRNAs in bilaterians is transposon control in the germline. Small RNA data 
from a developmental time course that includes adult samples would be valuable in 
confirming this otherwise inconsistent observation. While ctenophores are known to 
express at least two Piwi paralogues, their associated small RNA population has not yet 
been investigated (Alié et al. 2011). As ctenophores possess no miRNA system (Maxwell 
et al. 2012, Ryan et al. 2013, Moroz et al. 2014), confirmation of their capacity to produce 
piRNAs through the metazoan-specific ping-pong piRNA biogenesis pathway may have 
implications for our understanding of the evolution of these two systems and for the 
broader debate on the ‘ctenophore first’ versus the ‘coelenterata’ hypotheses of early 
metazoan evolution (Finnerty 2003, Philippe et al. 2009, Moroz et al. 2014). 
 
4.3.7 Conclusions 
 
Before questions of RNA interference system evolution in metazoans can be asked, 
a thorough understanding of the components of those systems, their genomic organisation 
and their expression dynamics are essential. Here, a framework for how to approach such 
questions has been established. This framework has revealed not only major differences 
in the level of requirement for the services provided by the three major animal RNA 
interference systems in early branching phyla, but also commonalities in the likely 
functions of each system. 
 
Of the four phyla investigated here, the sponge A. queenslandica and the bilaterian 
arthropod D. melanogaster, appear to be the most alike. Both possess all three major 
animal RNAi systems including a miRNA population that constitutes the most abundant 
class of small RNAs in their respective libraries. The genomic organisation of these 
systems is also similar, suggesting commonalities in their function. This is despite these 
two phyla being arguably the most distantly related to one another (but see Moroz et al. 
2014 and Ryan et al. 2013) and so argues that such an RNAi repertoire may reflect the 
ancestral state. 
 
The dominance of piRNAs in the small RNA libraries of N. vectensis is reflected by 
observations in other species within the Cnidaria (Krishna et al. 2013, Liew et al. 2014) but 
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has not been observed in any other phylum. Such a derived state demonstrates the 
capacity that was available for early branching metazoans to establish unique RNAi 
repertoires early on in their evolution.  
 
Acquisition of miRNAs has occurred continuously in animal lineages throughout 
evolution with the loss of established miRNAs far outweighed by miRNA gain (Hertel et al. 
2006, Sempere et al. 2006, Prochnik et al. 2007, Heimberg et al. 2008, Wheeler et al. 
2009). Loss of newly evolved miRNAs that have not yet established themselves as critical 
regulators in broad networks is however, common. In a comparison of four Caenorhabditis 
nematode species, only 54 of 176 distinct miRNA families were found to be shared 
between all species (Shi et al. 2013).  
 
The idea that strong conservation of any particular miRNA requires it to first 
become established as a critical component in a regulatory network is a principle that 
would have applied equally to miRNAs that arose soon after the evolution of the miRNA 
system as it does to miRNAs that continue to arise today. It is entirely plausible that the 
first miRNAs to evolve initially had non-critical regulatory roles as is thought to be the case 
for many ‘young’ miRNAs that have been discovered in modern species. Subsequent 
speciation events could have either reinforced the roles of these early miRNAs by further 
integrating them into regulatory networks or they may have been lost due to their non-
critical nature. Such a scenario could have produced entirely distinct miRNA populations 
between species that branched from one another early on in metazoan evolution. This 
hypothesis is congruent with the observation that the miRNA repertoire of sponges is 
entirely distinct from that of eumetazoans and that cnidarians share only a single miRNA 
with bilaterians while all three share the basic enzymatic components of a common miRNA 
regulatory system.  
 
If no particular miRNA was of critical regulatory importance early in metazoan 
evolution, the loss of the miRNA system in ctenophores soon after its evolution no longer 
appears implausible. How ctenophores function without a miRNA system is unknown. This 
study sought to find an analogous lineage-specific small RNA regulatory pathway that may 
provide for ctenophores the regulatory functions miRNAs provide in other animal species. 
Several interesting candidates have been uncovered but much more work will be required 
to determine the functions of these small RNAs. 
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4.4 Methods 
 
4.4.1 Dataset acquisition and mapping 
 
 Publicly available small RNA datasets were obtained for Mnemiopsis leidyi, 
Nematostella vectensis and Drosophila melanogaster from NCBI’s Sequenced Read 
Archive (SRA, http://www.ncbi.nlm.nih.gov/sra/) or from NCBI’s Gene Expression Omnibus 
(GEO, http://www.ncbi.nlm.nih.gov/geo). Acquisition of small RNA data for Amphimedon 
queenslandica is discussed in Chapter 3. Dataset submission numbers for M. leidyi: 
SRS355925, SRS355926, for N. vectensis: SRR039731, SRR039754, SRR039764, 
SRR039762, SRR039760, SRR039758, SRR039756, SRR039726, SRR039727, for D. 
melanogaster: SRR013604, SRR018039, SRR016854, SRR013601, SRR013603, 
GSM360260, SRR013600, SRR013602, GSM360256, GSM360257, SRR014367. 
 
 Each dataset was mapped to that species’ genome as described in Chapter 3. 
Briefly, adaptor sequences were clipped and collapsed using fastx_clipper and 
fastx_collapser from the FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/), library 
quality confirmed with FastQC (http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc/) and 
sequences mapped with Bowtie (Langmead et al. 2009). Two mapped libraries were 
created for each dataset, one including all reads that mapped to up to 50 times throughout 
the genome and a second in which only reads that mapped uniquely were included. All 
subsequent analyses were conducted in parallel on these two datasets. 
 
4.4.2 RNAiTool analysis 
 
Each mapped dataset was submitted to RNAiTool analysis (see Chapter 2 for a 
thorough description of the RNAiTool package). Settings for RNAiTool were as described 
in Chapter 3 with the following modifications. D. melanogaster piRNAs are known to be 
shorter than the more typical ~28nt length (Brennecke et al. 2007). For this reason, 
piPeaker.sh was modified to search for clusters with read-length peaks at 24,25 or 26nt. 
To search for M. leidyi 25-mer clusters, piRNATool.sh was modified to run 25Peaker.sh – 
a modified version of piPeaker.sh that searches for clusters with read-length peaks at 24, 
25 or 26nt, much the same as the D. melanogaster version of piPeaker.sh. 
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4.4.3 Genomic context 
 
Genomic coverage by transposons and coding genes of the four genomes was 
established as detailed in Chapter 3. Briefly, exons, introns, 5’ UTRs and 3’ UTRs, known 
and unknown transposons were aligned to their respective genomes and then quantified 
with GenomeCoverageBed from the BEDTools package (Quinlan and Hall 2010). Endo-
siRNA, piRNA and 25-mer clusters that did not align to these features by at least 51% of 
their length were determined to be ‘intergenic’.  
 
4.4.4 Circos plots 
 
The outputs of the endo_normaliser.sh and pi_normaliser.sh components of 
RNAiTool were used for the construction of Circos (Krzywinski et al. 2009) plots that 
describe co-expression of clusters in different developmental contexts. Links were formed 
between corresponding genomic regions from two developmental stages if that region co-
expresses either an endo-siRNA or piRNA cluster in both temporal contexts. 
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Chapter 5. An abundant, developmentally regulated miRNA in the demosponge 
Amphimedon queenslandica expressed from the peptidyl transferase centre of the 
ribosomal large subunit 
 
Abstract 
 
Micro RNAs (miRNAs) are typically produced either from long RNA polymerase II 
dependent non-coding transcripts or from the processing of spliced mRNA introns. Atypical 
miRNAs are also produced from sno-RNAs, tRNAs and several other RNA elements, 
however to date no miRNAs derived from mature ribosomes have been described. Here I 
report the discovery of a highly abundant miRNA in the sponge Amphimedon 
queenslandica, derived from one of the most highly conserved regions of the ribosomal 
large subunit – the peptidyl transferase centre (PTC). The region of the PTC from which 
this miRNA is produced is perfectly conserved between all eukaryotes examined so far 
and differs by only two to four nucleotides between sampled eukaryotes, bacteria and 
archaea. This newly identified miRNA, termed REm-1 for Ribosome Encoded miRNA 1, is 
developmentally regulated and more abundant in specific developmental stages than any 
previously identified miRNA from this species. Biogenesis of this small RNA is likely to 
differ from the canonical miRNA biogenesis pathway given the lack of thermodynamic 
signatures in this region that are required for recognition and processing by the canonical 
miRNA biogenesis machinery. 
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5.1 Introduction 
 
 5.1.1 Ribosomal small RNAs 
 
Functioning ribosomes are complexes of ribosomal RNA (rRNA) subunits and 
ribosomal proteins (Korobeinikova et al. 2012). Unlike messenger RNAs (mRNAs) and 
primary micro RNA transcripts (pri-miRNAs), rRNAs are transcribed by RNA polymerase I 
and are not polyadenylated (Grummt 1981, Wandelt and Grummt 1983, Cizewski and 
Sollner-Webb 1983). Despite constituting the majority of RNA content in growing cells, no 
micro RNAs (miRNAs) have ever been attributed to mature ribosomal transcripts. 
 
Ribosomes are repetitive sequences that are the source of large numbers of small 
RNAs (termed srRNAs for small ribosomal RNAs). The high expression levels of 
ribosomes and their turnover by exonucleolytic degradation (Basturea et al. 2011, Pestov 
and Shcherbik 2012) results in the production of large populations of diverse srRNAs, 
most of which are dismissed as non-functional by-products in most high-throughput small 
RNA sequencing studies. Bioinformatic pipelines often begin with the removal of small 
RNAs that map to repetitive sequences (so-called multi-mappers) in order to avoid 
confusion over their loci of origin. This is becuase the true source of any small RNA that 
maps perfectly to more than one genomic location cannot be reliably determined. In 
addition to this, the large numbers of srRNAs can make their annotation unmanageable 
and are also often uninformative. Such was the case for Chapters 2 and 3 where small 
RNAs mapping to annotated rDNA were removed from the libraries in the first step to 
avoid any issues that may arise with their annotation. 
 
 5.1.2 Functional srRNAs 
 
As well as degradation products, other classes of functional small RNAs are 
produced from rRNAs. QDE-2 interacting RNAs (qiRNAs) were first described in the 
filamentous fungi Neurospora crassa and are predominantly ribosomal in origin (Lee et al. 
2009). Like typical endo-siRNAs, qiRNAs contain a strong 5’ uracil bias and are produced 
through the cleavage of a double-stranded RNA precursor by the catalytic activity of the 
RNAse III protein Dicer. Primary qiRNA transcripts are first transcribed through the DNA 
dependent RNA polymerase activity of the Argonaute family protein QDE-1 from damaged 
ribosomal DNA (rDNA) that would otherwise produce an aberrant rRNA transcript. These 
	  	   120	  
transcripts are subsequently reverse transcribed through the RNA-dependent RNA 
polymerase activity of the same QDE-1 protein to form a dsRNA product. Cleavage of this 
dsRNA by Dicer produces 20-21nt dsRNA duplexes that are subsequently loaded into 
another member of the Argonaute family, QDE-2, where they function to recognise further 
copies aberrant primary transcripts  Lee et al. 2009). 
 
Argonaute loaded ribosome-derived small RNAs have also been described in plants 
and animals (Wei et al. 2013). These populations of small RNAs often show non-random 
distributions when mapped across consensus rRNA sequences and possess read-length 
distributions that are not indicative of degradation products. Only two confirmed miRNAs 
are known to come from a ribosomal transcript - the mouse specific miR-712 which is 
located in the internal transcribed spacer 2 (ITS2) between the 5.8S and the 28S rRNA 
subunits (Son et al. 2013) and miR-663 in humans which lies in ITS1 (Waaijer et al. 2014). 
To date no miRNA has been confirmed that derives from a transcript corresponding to a 
mature ribosomal RNA. 
 
 5.1.3 srRNAs in A. queenslandica 
  
I investigated the srRNA repertoire of the demosponge Amphimedon queenslandica 
and uncovered a highly expressed small RNA corresponding in length to typical miRNAs 
and siRNAs from this species. The abundance of this dominant small RNA, its uniformity 
index (see Chapter 3) and the homogeneity of its 5’ and 3’ termini are all consistent with 
previously annotated sponge miRNAs (Grimson et al. 2008). In early developmental 
stages, reads corresponding to this locus are the most frequently sequenced with 
detection progressively diminished later in development. From these observations, I 
conclude that this small RNA is likely an unconventional ribosome-derived miRNA and 
refer to it subsequently as REm-1.  
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5.2 Results 
 
5.2.1 Mapping of small RNAs to ribosomal subunits 
 
 Read length distributions for both the ribosomal small subunit (SSU; i.e. 18S rRNA) 
and large subunit (LSU; i.e. 28S rRNA) are pictured in Figure 5.1. Total mapped reads for 
the LSU exceeds that of the entire rest of the genome (see Figure 3.2) and the read-length 
distribution of distinct small RNAs (mappers) for both the SSU and LSU shows a gradual 
decline in the numbers of 
small RNAs as the read-
length increases. This is a 
feature typical of the 
degradation of highly 
expressed transcripts where 
progressively shorter 
fragments of the primary 
transcript become 
increasingly more abundant. 
Aside from the putative 
degradation products, 
distinctive peaks can be 
observed in both the 
mappers and counts (total 
number of sequenced 
reads) for the LSU between 
19-22 nt with smaller peaks 
in the counts at 28 nt and 33 
nt. A large peak is also 
apparent in the counts 
between 28-29 nt for the 
SSU. 
 
 
 
 
	  Figure	  5.1.	  Read	  length	  distributions	  of	  small	  RNA	  mapping	  to	  the	  two	  rRNA	  subunits.	  Mappers	  refer	  to	  the	  number	  of	  distinct	  small	  RNA	  reads	  of	  each	  length	  while	  Counts	  refer	  to	  the	  total	  number	  of	  small	  RNA	  reads	  of	  each	  length.	  (A)	  LSU,	  (B)	  SSU.	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5.2.2 Peak detection and secondary structure analysis 
 
Mapped small RNAs were aligned to the sponge subunits to identify any substantial 
peaks that may represent functional non-degradation products (Figure 5.2). As in other 
species, both subunits display a seemingly non-random distribution of peaks (Wei et al. 
2013), however a single peak located on the 3’ end of the LSU that is by far the most 
abundant. Almost no small RNAs mapped antisense to the LSU or the SSU consensus 
sequences and the large peak seen in the LSU is completely absent from the adult library 
(data not shown). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure	  5.2	  Small	  RNA	  mappings	  along	  the	  length	  of	  the	  two	  rRNA	  subunits.	  (A)	  LSU,	  (B)	  SSU.	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A 21nt small RNA is primarily responsible for the peak starting at nucleotide 3815 
on the LSU (Figure 5.3). This peak resembles those typical of other sponge miRNAs with 
homogenous 5’ and 3’ termini (Grimson et al. 2008) and it also corresponds in length to 
the peak in mappers seen in Figure 5.1. Smaller peaks located both 5’ and 3’ of the main 
peak could potentially represent the passenger strand of a miRNA duplex, however the 
secondary structure predicted by RNALfold of the Vienna package does not resemble the 
typical double-stranded hairpin required for recognition and processing by the canonical 
miRNA biogenesis machinery (Ha and Kim 2014). When mapped against the entire 
genome, REm-1 maps only to rRNA genes that have been included in the sponge genome 
assembly, eliminating the possibility that its source may be non-ribosomal. 
 
Figure	  5.3.	  Distribution	  of	  reads	  mapped	  between	  nucleotides	  3756	  and	  3916	  of	  the	  LSU.	  Highlighted	  in	  red	  is	  the	  region	  covered	  by	  the	  dominant	  21nt	  read.	  
 
5.2.3 Comparative analysis of REm-1 location 
 
The region to which the dominant small RNA maps is the peptidyl transferase 
centre (PTC). This region is directly responsible for the formation of peptide bonds 
between amino acids in the growing polypeptide and for the hydrolysis of tRNA that is 
necessary for the termination of translation and for polypeptide release (Polacek and 
Mankin 2005). The PTC is highly conserved across all three domains of life with the region 
corresponding to the identified small RNA in Amphimedon being invariant among 
eukaryotes (Figure 5.4). 
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Figure	   5.4.	   Structure	   and	   conservation	   of	   the	   peptidyl	   transferase	   centre	   (PTC)	   of	   (A)	  E.	   coli,	   (B)	   S.	  
cerevisiae	  and	  (C)	  M.	  musculus.	  Regions	  highlighted	  in	  red	  correspond	  to	  the	  location	  of	  the	  dominant	  small	  RNA	  from	  A.	  queenslandica.	   (D)	  Alignment	  of	   the	  regions	  flanking	  the	   location	  of	   the	  dominant	  small	  RNA	  from	  A.	  queenslandica.	  
 
5.3 Discussion 
  
 5.3.1 Summary 
  
The only miRNAs confirmed to have been derived from ribosomal transcripts are 
mouse miR-712 and human miR-663, both of which are located on ITS regions of their 
respective rRNA polycistrons (Son et al. 2013, Waaijer et al. 2014). This also makes them 
the only known miRNAs to be the products of RNA polymerase I transcription. Aside from 
miRNAs, populations of srRNAs of unknown function have been co-immunoprecipitated 
with members of the Argonaute protein family in a number of species including 
Arabidopsis thaliana, D. melanogaster, Homo sapiens (Wei et al. 2013) and the single 
celled eukaryote Trypanosoma cruzi (Garcia-Silva et al. 2014). In all cases, mapping of 
these srRNAs to the ribosome reveals a non-random, asymmetric pattern of expression 
across the length of the ribosomal subunits. Interestingly, a number of reads in these 
libraries overlap with the region from which REm-1 is located in the sponge  (data not 
shown). In all cases however, their expression levels are low. 
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 5.3.2 Biogenesis of REm-1 
 
The biogenesis of REm-1 is unlikely to be canonical. In its native conformation, the 
region of the sponge LSU from which REm-1 derives does not form the type of secondary 
structure required for recognition by the canonical miRNA biogenesis machinery (Han et 
al. 2004, Zeng et al. 2005, Han et al. 2006, Tsutsumi et al. 2011). Furthermore, secondary 
structure analysis of the regions flanking REm-1 shows that the formation of such a 
structure is unlikely even from a fragmented LSU (Figure 5.3). 
 
In the yeast Saccharomyces cerevisiae, oxidative stress induces fragmentation of 
the LSU and cleavage appears to be biased towards the 3’ end of the transcript 
(Thompson et al. 2008). These fragments are proposed as the source of a number of 
small stable processing products discovered through deep sequencing in this species 
(Zywicki et al. 2012). Such an origin for REm-1 is plausible, however the enzymatic 
components of this biogenesis pathway are unlikely to be those of typical miRNA 
biogenesis. Oxidative stress has also been implicated in increased levels of ITS1 derived 
miR-663 in humans (Waaijer et al. 2014). 
 
ITS2 derived miR-712 follows an atypical biogenesis pathway that is independent of 
both DGCR8 (Drosha) and Dicer (Son et al. 2013). The only enzyme known to impact 
miR-712 expression is XRN1, an exonuclease capable of removing ITS2 from the 25.5S 
pre-rRNA in S. cerevisiae (Geerlings et al. 2000). The relationship between XRN1 
expression and miR-712 expression is anti-correlative and the enzymes required for 
maturation of the miR-712 small RNA are unknown. Despite its atypical biogenesis, miR-
712 appears to silence targets in a typical miRNA fashion and its mis-expression results in 
clinical pathologies (Son et al. 2013). 
 
In A. queenslandica, REm-1 is the most abundant small RNA in pre-competent and 
competent larvae but progressively diminishes in juvenile and adult small RNA libraries 
(see Chapter 3, Fig. 3.4). As REm-1 is ribosome-derived, its expression level may be 
expected to mimic that of its precursor. Protein translation is a requirement of proper 
cellular function and so ribosomes are ubiquitous across development, however 
heterogeneity between the multiple rRNA operons found within most organisms opens the 
possibility for specialisation and differential expression of particular rRNA operons under 
particular conditions (Xue and Barna 2012). A striking example of differential rRNA 
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expression comes from the parasite Plasmodium berghei which switches between two 
structurally distinct SSU rRNAs depending on whether it is being hosted by a mosquito or 
by a mammal (Gunderson et al. 1987). A second example comes from the yeast 
Streptomyces coelicolor in which different members of its six LSU operons show (a) 
different levels of expression to one another at any point in development and (b) changes 
in the relative expression of each operon over development (Kim et al. 2007). 
 
Differential expression of particular rRNA operons across development may explain 
changes in the expression level of REm-1 but without information on the rRNA makeup of 
A. queenlandica, such a hypothesis is not currently amenable to testing. A second 
possibility is that REm-1 expression may be dependent on the expression of one or more 
unknown biogenic enzymes. Until this atypical miRNA biogenic pathway is elucidated, the 
question of REm-1’s regulation will remain unresolved. 
 
5.3.3 Conclusions 
 
In A. queenslandica and in most animals, the most abundant small RNAs found in 
high-throughput small RNA sequencing libraries are miRNAs. Their abundance is likely 
due in part to high transcription rates, however the efficiency of the miRNA biogenic 
machinery to produce a single dominant read from a target transcript (see Chapter 2) as 
well as the reduced degradation rates of Argonaute bound small RNAs compared to 
unbound small RNAs (Winter and Diederichs 2011) are also likely to contribute. The most 
abundant small RNA in the early developing larvae of A. queenslandica is REm-1, a 
ribosome-derived 21 nt small RNA with homogenous 5’ and 3’ ends.  
 
Unlike most miRNAs, REm-1 is unlikely to rely on the canonical miRNA biogenesis 
machinery. While numerous non-canonical miRNA biogenesis pathways have been 
reported (Ha and Kim 2014), absolute confirmation of REm-1 as a true miRNA will require 
functional experimentation. RNA co-immunoprecipitation and sequencing of small RNAs 
associated with members of the Argonaute protein family has been successful in 
supporting the discovery of authentic miRNAs in both plants and animals (Mourelatos et al. 
2002, Qi et al. 2006, Nelson et al. 2007). Non-miRNA small RNAs have also been 
sequenced from Argonaute co-immunoprecipitations and so while confirmation of REm-1’s 
association with an Argonaute protein would provide support for its designation as a true 
atypical miRNA, a demonstration a miRNAs capacity to silence targets remains the gold 
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standard. As A. queenslandia continues to develop as an emerging model organism 
(Degnan et al. 2008), techniques for the experimental testing of miRNA targeting may 
become available however currently such experiments are not possible. 
 
5.4 Methods 
 
5.4.1 Mapping of small RNAs 
 
Consensus LSU and SSU sequences for A. queenslandica were obtained from the 
SILVA ribosomal RNA gene database (Kober and Nichols 2007, Quast et al. 2013). Small 
RNA libraries were obtained as described in Chapter 3 and data from all four 
developmental stages were pooled for this study. Bowtie was used to map small RNAs to 
each subunit (Langmead et al. 2009). No mismatches were allowed in this mapping and 
the result for each subunit included only uniquely mapped small RNAs.  
 
5.4.2 LSU structure and alignment 
 
E. coli (Brosius et al. 1980), S. cerevisiae (Bayev et al. 1980) and Mus musculus 
(Michot et al. 1984) PTC secondary structures were adapted from the Gutell laboratory’s 
comparative RNA website (http://www.rna.ccbb.utexas.edu) (Cannone et al. 2002). 
Multiple sequence alignment of sequences corresponding to the LSU PTC were conducted 
with Clustal Omega using the default parameters (Sievers et al. 2011). Secondary 
structure of the A. queenslandica PTC fragment was determined using RNALfold from the 
ViennaRNA package (Lorenz et al. 2011). The whole LSU sequence was submitted to 
RNALfold and the secondary structure with the lowest free energy (-26.4kcal/mol) that 
covered the REm-1 sequence was selected. No predicted secondary structures covering 
this region formed a canonical miRNA-like hairpin. 
 
5.4.3 Wiggle plots and read-length distributions 
 
Read length distributions of mapped small RNAs (Figure 5.1) were generated using 
an in-house script. Wiggle plots (Figures 5.2, 5.3) were also generated from mapped small 
RNA files using an in-house script. 
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Chapter 6. The secondary structure of miRNAs and their biogenesis in the early 
branching metazoan Amphimedon queenslandica 
 
Abstract 
 
Micro RNAs (miRNAs) are important posttranscriptional regulators that are found in 
animals, plants and at least one algal clade. In each circumstance, a unique set of 
biogenic enzymes is required for their production indicating that each system likely evolved 
independently. Further supporting this position, no individual miRNA is shared between 
clades despite long-term conservation of miRNAs being commonplace within clades. The 
miRNAs of the sponge Amphimedon queenslandica are structurally unique and are 
without homologues in other animal phyla. While bilaterian miRNAs and those of other 
sponge phyla share a hairpin loop structure that places the guide:passenger miRNA 
duplex approximately two nucleotides from the terminal loop, the miRNAs of A. 
queenslandica are highly variable in length, resembling plant miRNAs more closely than 
animal miRNAs. The structural differences in the hairpins of primary miRNA (pri-miRNA) 
transcripts appear to defy the thermodynamic requirements for substrates of the canonical 
metazoan miRNA biogenic machinery. Here, I show that the pri-miRNA hairpins of the 
sponge A. queenslandica possess thermodynamic characteristics consistent with 
recognition and processing by the metazoan-specific Microprocessor complex. The 
guide:passenger miRNA duplex is positioned on a stem approximately three helical turns 
in length and is flanked by single-stranded regions corresponding to the loose ends of the 
primary transcript at one end and a large internal bulge at the other. The consistency of 
these long form miRNA hairpins with canonical metazoan miRNA biogenesis, as it is 
currently understood, may have implications for future metazoan miRNA discovery or it 
may hint at unknown biogenic factors that impede their existence in other metazoan phyla. 
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6.1 Introduction 
 
 6.1.1 miRNAs in early branching metazoans 
 
 The miRNA systems of all eumetazoans are understood to be homologous. This is 
based on two criteria: (1) the presence of at least one conserved miRNA in representative 
species of each phylum and (2) a shared biogenic pathway required for miRNA synthesis 
(Grimson et al. 2008). These two rules are true of bilaterians and also for the earliest 
branching eumetazoan phylum, the Cnidaria. In contrast, only a single miRNA (miR-2019) 
is shared between the two siliceous sponge phyla, demosponges and hexactinellids, while 
no conservation exists between the miRNA repertoires of silicisponges, calcareans and 
homoscleromorphs (Wheeler et al. 2009, Robinson et al. 2013). This lack of conservation 
extends to non-poriferan phyla with no sponge miRNA shared with eumetazoan phyla. 
Furthermore, the miRNAs of the demosponge Amphimedon queenslandica are so long 
and structurally variable (Grimson et al. 2008) that their biogenesis through a conventional 
animal miRNA pathway seems unlikely (Wheeler et al. 2009, Robinson et al. 2013). 
  
 6.1.2 Metazoan miRNA biogenesis 
 
In bilaterians, canonical miRNA biogenesis begins with the cleavage of the pre-
miRNA hairpin from the single-stranded pri-miRNA transcript by a pair of metazoan-
specific proteins that together make up the Microprocessor complex (Denli et al. 2004). 
The first component, Pasha (DGCR8 in vertebrates), typically contains two double-
stranded RNA binding domains (dsRBD) and according to the ssRNA-dsRNA Junction 
Anchoring model, is responsible for anchoring the catalytically active component of the 
complex, Drosha, to the pre-miRNA hairpin (Han et al. 2006). Drosha, a class II RNAse III 
enzyme (Filippov et al. 1997, 2000), also contains a dsRBD, however this single domain 
alone is insufficient for the binding of Drosha to the target pre-miRNA (Han et al. 2006). 
When in complex, Pasha acts as a molecular ruler and anchor, binding to the ~35 nt pri-
miRNA stem, positioning itself between the loose single-stranded ends of the transcript 
and the single-stranded region of the hairpin loop. Pasha then directs the catalytic site of 
Drosha precisely 11 bp or one helical turn from the ssRNA-dsRNA junction at the base of 
the hairpin where it cleaves, releasing the pre-miRNA.  
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The length of the double-stranded RNA Pasha recognition site is crucial with 
variation in the length of either the upper or lower stem promoting alternative, non-
productive Drosha processing (Ma et al. 2013). Although the single-stranded loop region is 
important for the accuracy of this initial cleavage, it appears that the single-strandedness 
rather than the loop itself is what is critical. In cultured HEK293T cells, Han et al. (2006) 
showed that the terminal loop could be replaced with loose ssRNA tails without impairing 
and often improving the efficiency with which the substrate was cleaved by the 
Microprocessor.  
 
The final cleavage of the miRNA duplex from the pre-miRNA is conducted in the 
cytoplasm following export of the hairpin from the nucleus (Yi et al. 2003, Lund et al. 
2004). This cleavage is carried out by the RNAse III enzyme Dicer, producing a double-
stranded RNA with a 2 nt 3’ overhang (Bernstein et al. 2001). Efficient processing of pre-
miRNA hairpins by Dicer requires a stem of ~24 nt in length with a 2 nt 3’ overhang (Gu et 
al. 2012b). Importantly, this 24 nt stem may terminate in either a hairpin loop or a 
significant internal bulge for it to undergo efficient Dicer processing (Gu et al. 2012b). 
 
Central to all these interactions are the secondary structural characteristics of the 
RNA substrate. While sequence motifs with importance for miRNA processing have been 
described for some species (Auyeung et al. 2013), it is the thermodynamic interactions of 
the RNA substrate and enzymes that are the most evolutionarily conserved property of 
miRNA biogenesis. While both Drosha and Pasha have been identified in A. 
queenslandica, the pri-miRNA hairpins themselves seem to defy the structural laws 
required for their biogenesis through the conventional metazoan pathway (Wheeler et al. 
2009, Robinson et al. 2013). Here the thermodynamics of the miRNAs from the marine 
demosponge Amphimedon queenslandica are investigated for evidence of their 
biogenesis by means of the conserved metazoan miRNA biogenesis pathway. 
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6.2 Results 
 
 6.2.1 Thermodynamics of A. quenslandica pri-miRNAs 
 
 To determine the thermodynamic properties of the average sponge pri-miRNA 
hairpin, the methods of Han et al. (2006) were followed in which the minimum free energy 
values at each RNA-RNA bond for each miRNA hairpin were calculated and averaged. In 
Drosophila melanogaster and humans, pri-miRNA hairpins are typically 33 to 35 nts long 
and consist of a dsRNA stem flanked by two regions of thermodynamic instability. Each 
stem is divided into a lower region of one helical turn in length and an upper region of two 
helical turns. The junction of these two regions marks the point of Microprocessor 
cleavage with the upper region and terminal loop constituting the resultant pre-miRNA 
hairpin. Typically, the regions of instability flanking the stem correspond to the terminal 
loop at one end and the loose ends of the primary transcript at the other (Han et al. 2006).  	  
 Unlike the long-form miRNAs reported by Grimson et al. (2008), four of the six new 
miRNAs detailed in Chapter 3 are short-form and more closely resemble canonical 
eumetazoan miRNAs. The remaining two new miRNAs are longer than canonical 
eumetazoan miRNAs and they also differ to the previously described long-form miRNAs. 
The dominant reads encoded by these miRNAs terminate at their 3’ ends in large internal 
bulges, whereas the dominant reads of the eight miRNAs described by Grimson et al. 
(2008) are located entirely 
within the stem region of the 
pre-miRNA hairpin. The 
previously reported miRNAs 
are also more highly 
abundant in at least one 
developmental stage and so 
the decision was made to 
focus on these rather than 
the new miRNAs detailed in 
Chapter 3 (Figure 6.1). Both 
copies of miR-2016 were 
included in this analysis.   
 
Figure	   6.1.	   Relative	   expression	   of	   those	   miRNAs	   uncovered	   by	  Grimson	  et	  al.	  (2008)	  (in	  red)	  and	  those	  uncovered	  in	  in	  Chapter	  3	  (in	  blue).	  Y-­‐axis	  is	  a	  log-­‐10	  scale.	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The long-form pri-miRNA hairpins are highly variable in length and are all 
significantly longer than those described from bilaterians (Figure 6.2). 
 
Figure	   6.2	  Diversity	   of	  miRNA	   secondary	   structure	   in	  A.	  queenslandica.	   In	   each,	   the	   guide	  miRNA	   is	  indicated	  in	  red	  and	  the	  passenger	  in	  blue.	  From	  left	  to	  right,	  miR-­‐2014,	  miR-­‐2015,	  miR-­‐2016a,	  miR-­‐2016b,	  miR-­‐2017,	  miR-­‐2018,	  miR-­‐2019,	  miR-­‐2020	  and	  miR-­‐2021.	  
 
It has been suggested that the elongated distance between the end of the putative 
miRNA duplex and the hairpin loop may preclude Microprocessor identification and 
cleavage in a conventional bilaterian manner (Wheeler et al. 2009). By comparing both the 
minimum free energy of each RNA-RNA bond and the likelihood of an RNA-RNA bond at 
each nucleotide position in the nine miRNAs, an average A. queenslandica pri-miRNA 
hairpin was produced (Figure 6.3) (see Methods for a detailed explanation). This approach 
reveals that sponge pri-miRNA hairpins contain two stems that are separated by an 
internal bulge and in all nine cases, the primary stem is host to the guide miRNA. The 
secondary stem contains the terminal loop and ranges in length from ~13 to over 30 nts. In 
addition to variable length, this stem has a reduced overall stability, owing to the increased 
tendency for mismatches, bulges and side loops, which occur throughout.  
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Figure	   6.3	   The	   average	   pri-­‐miRNA	   hairpin	   of	   A.	   queenslandica.	   Above	   is	   the	   minimum	   free	   energy	  (blue)	   and	   the	  probability	  of	   an	  RNA-­‐RNA	  bond	  at	   each	  position	  along	   the	  average	  A.	  queenslandica	  pre-­‐miRNA	  hairpin.	  Below	   is	   a	   graphical	   representation	  of	   this	   average	  pre-­‐miRNA	  hairpin	  with	   the	  miRNA	  guide	  and	  passenger	  of	  each	  indicated	  by	  the	  red	  and	  blue	  brackets	  respectively.	  (A)	  primary	  stem,	  (B)	  internal	  bulge,	  (C)	  secondary	  stem	  (D)	  terminal	  loop.	  
 
 In contrast to the secondary stem, the primary stem is less variable in length, 
ranging from 31 to 42 nucleotides long and is also more thermodynamically stable than the 
secondary stem. This stability is confined to helical turns two and three, the region that 
hosts the guide miRNA. Two dramatic drops in stability occur at positions -2 and -9 on the 
primary stem, with most hairpins bulging at or around these points. 
 
6.2.2 Comparison of A. queenslandica and typical bilaterian pre-miRNA secondary 
structures 
 
The secondary structure of a typical bilaterian pre-miRNA hairpin resembles that of 
the primary stem of the average A. queenslandica pre-miRNA (Figure 6.4). Both have 
regions of instability flanking a stem of ~3 helical turns, which itself can be divided into 
upper and lower regions based on the location from which the guide miRNA is produced. 
Where they differ, is in the form taken by the regions of instability. In bilaterian pri-miRNA 
hairpins, these regions take the form of the loose ends of the primary transcript at one end 
and the terminal loop at the other. The loose ends of the primary transcript make up one 
region of instability in the average sponge pri-miRNA, while the terminal loop is replaced 
with a large internal bulge. 
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 In the sponge, no reduction in stability is observed in position +1 of 3’-donor 
miRNAs, a characteristic that is proposed to facilitate the loading of the guide rather than 
the passenger miRNA into the RNA Induced Silencing Complex (RISC) of D. 
melanogaster. In C. elegans, this feature is absent (Warf et al. 2011), as it is in 5’-donor D. 
melanogaster hairpins (Han et al. 2006). The secondary stems of these long-form miRNAs 
are highly variable in length, conformation and thermodynamic stability and do not host 
miRNAs. The size of the terminal loop is also reduced in A. queenslandica miRNAs. In 
human cells, a loop of ~10nt is ideal for efficient processing by the Microprocessor (Zeng 
et al. 2005), however sponge long-form miRNA terminal loops do not exceed five 
nucleotides in length. 
 
 
 
 
 
 
 Figure	  6.4.	  Comparison	  of	  the	  secondary	  structure	  of	  the	  average	  A.	  queenslandica	  pri-­‐miRNA	  hairpin	  (above)	   and	   the	   secondary	   structure	   of	   a	   canonical	   bilaterian	   pri-­‐miRNA	   hairpin	   (below)	   with	   the	  miRNA	  guide	  and	  passenger	  of	  each	  indicated	  by	  the	  red	  and	  blue	  brackets	  respectively.	  (A)	  primary	  stem,	  (B)	  internal	  bulge,	  (C)	  secondary	  stem,	  (D)	  terminal	  loop.	  
 
6.3 Discussion 
 
 6.3.1 miRNA thermodynamics and processing 
 
 The metazoan miRNA system is unique in its use of the Microprocessor complex for 
the initial cleavage of the pri-miRNA hairpin (Denli et al. 2004). The central components of 
the Microprocessor, Drosha and Pasha, are metazoan innovations with origins dating back 
prior to the divergence of the sponges and eumetazoans over 600 million years ago 
(Grimson et al. 2008). Efficient recognition and cleavage of pri-miRNA hairpins is reliant on 
thermodynamic properties that are also conserved across the Metazoa.  
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Once cleaved and transported from the nucleus, a process most commonly reliant 
on Exportin-5 (Yi et al. 2003, Lund et al. 2004, Murphy et al. 2008), pre-miRNAs must be 
recognised and processed by Dicer. The thermodynamic properties of the pre-miRNA are 
as critical to Dicer recognition as those of the pri-miRNA are to the Microprocessor. 
According to the feed and clamp model (Gu et al. 2012b), the PAZ domain of Dicer first 
docks with the 2 nt 3’ overhang of the pre-miRNA that is produced through the RNAse III 
activity of Drosha in the nucleus. The hairpin is then fed through so that the helicase 
domain may interact with the single-stranded region at the terminal end. If the single-
stranded region is located 2 nt from the end of the 21-22 nt miRNA duplex, an efficient 
cleavage results. This loop counting rule is consistent with seed shifts observed in the two 
copies of miR-22 in annelids and molluscs. In both cases, Dicer cleavage occurs 2 nt from 
the ssRNA-dsRNA junction, however changes to the position of the two guide miRNAs 
relative to the hairpin, result in distinct cleavage products (Wheeler et al. 2009). This 
demonstrates that sequence changes outside of the miRNA stem region can still affect the 
final sequence of the guide miRNA through thermodynamic alterations that impact miRNA 
processing. 
 
 6.3.2 Long-form and short-form pri-miRNAs 
 
The strict set of structural properties recognised by the miRNA biogenic machinery 
restricts the possible conformations of miRNA hairpin loops. Even so, the requirement of 
both Dicer and the Microprocessor for flanking single-stranded regions that are not 
necessarily restricted to one particular form, opens up the possibility that longer pri-miRNA 
hairpins with large internal bulges may exist. This study has shown that in the case of 
sponges, long form miRNAs are the norm. While these hairpins appear highly variable, it is 
now clear from the analyses presented here that they too comply with what is known of the 
strict thermodynamic requirements of the metazoan miRNA biogenic machinery. The 
structural variability between individual miRNAs is mostly restricted to the secondary stem 
located between the large internal bulge and the terminal loop. The loop itself is also 
reduced in comparison to those of bilaterians, a property which in human cells, reduces 
the efficiency of the Microprocessor (Zeng et al. 2005, Han et al. 2006, Zhang and Zeng 
2010). Loop length reduction may be a way to prevent non-productive processing of the 
secondary stem, which would presumably otherwise compete with the primary stem for 
Microprocessor binding. 
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The ability of the standard metazoan miRNA biogenesis machinery to efficiently 
process long form miRNAs in the sponge, raises the question of why these types of 
hairpins have not been widely identified in other clades. Summarising what is known 
regarding pri- and pre-miRNA processing, the minimum requirement for efficient miRNA 
biogenesis appears to be a stem of three helical turns in length flanked by single-stranded 
RNA ends that could take the form of loose ends, terminal loops or large bulges. Additional 
features are required for productive versus non-productive processing by the 
Microprocessor (Han et al. 2006) and in some cases, specific sequence motifs are also 
necessary (Auyeung et al. 2013). Yet none of these requirements necessarily dictates that 
short form miRNA hairpins should be more prevalent than long form miRNA hairpins.  
 
Though uncommon, long form miRNA hairpins have been identified in Drosophila 
species, exemplified by miR-989 (Ruby et al. 2007a). The pri-miRNA hairpin of miR-989 
has a primary stem of ~3 helical turns in length separated from a long secondary stem by 
a large bulge. Just like the long-form miRNAs of A. queenslandica, the terminal loop of 
miR-989 is reduced to only 4nt of single-stranded RNA. The possibility remains that long 
form miRNAs may exist in other metazoan taxa but have gone unreported due to the 
standard requirement of many miRNA detection tools for a hairpin loop to reside within 
close proximity to the guide miRNA sequence. 
 
6.3.3 Summary 
 
This study supports the formally presumed capacity of the conventional metazoan 
miRNA biogenesis pathway to recognise and process the long-form pri-miRNA hairpins 
found in the sponge A. queenslandica. Despite their seeming plant-like lengths and 
structures, these pre-miRNAs do conform to the set of rules established for efficient 
miRNA biogenesis in animals, providing further support for the homology of the metazoan 
miRNA system.  
 
These findings call to question why such miRNAs are apparently so rarely found in 
other metazoan clades. If long-form miRNAs can be efficiently processed in one species, 
why not in all species that host the conserved metazoan miRNA pathway? One possibility 
is that miRNA hairpins that display such conformations are simply disregarded by 
researchers and annotation pipelines that focus on miRNAs with a more conventional 
	  	   137	  
structure. If this is true, taking into account the findings presented here may increase the 
capacity for future miRNA discovery in other metazoan species.  
 
The second possibility is that an as of yet unknown biogenic factor present in most 
animal species may preclude efficient miRNA processing of long-form miRNA hairpins 
through interaction with the terminal loop. The existence of miR-989 in D. melanogaster 
(Ruby et al. 2007a) and the observation that exogenous long-form pri-miRNA hairpins can 
be efficiently processed in human HEK293 cells (Gu et al. 2012b), indicates that if this 
factor exists, it is not universally required for miRNA biogenesis. Given the prevalence of 
known long-form miRNAs is largely restricted to demosponges, if a short-form miRNA 
factor did evolve, it probably did so in the eumetazoan lineages after they diverged from 
sponges. Investigation of these possibilities will yield valuable insights into the biology of 
miRNA biogenesis and the evolutionary origins of the metazoan miRNA system.  
 
6.4 Methods 
 
6.4.1 Small RNA library acquisition and mapping 
 
Small RNA libraries for adult, juvenile, competent larvae and pre-competent larvae 
were obtained as described in detail in Chapter 3. Briefly, Amphimedon queenslandica 
developmental material was obtained from Heron Island Reef, Queensland, Australia and 
total RNA was extracted. Small RNA libraries were constructed from these samples and 
sequenced in an Illumina HiSeq 2000 sequencer. Libraries were trimmed, collapsed and 
mapped to the A. queenslandica genome (Srivastava et al. 2010) using Bowtie (Langmead 
et al. 2009). Those reads aligning to loci identified as miRNAs by Grimson et al. (2008) or 
in Chapter 3 were isolated and quantified. 
 
6.4.2 RNA folding and thermodynamic profiling of pri-miRNAs 
 
All pri-miRNAs identified by Grimson et al. (2008) were folded using the mFold web 
server (Zuker 2003). Following the methods detailed by Han et al. (2006), the 
thermodynamic details of each position for each predicted hairpin were obtained as 
calculated using the nearest neighbour method (Mathews et al. 1999). Differing from Han 
et al. (2006), internal bulges and loops were not considered as one position, rather, their 
length was determined to be equal to the longest contributing arm of the feature. Free 
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energy values at these positions were left blank and so were not considered during the 
averaging process. Each pri-miRNA was anchored to one another at the 5’-most 
nucleotide of their guide miRNA and this position was designated as position +1. All 
subsequent nucleotides approaching the terminal loop were designated positive values 
and all subsequent nucleotides approaching the loose transcript ends were designated 
negative values. No substantial difference in minimum free energy values was evident for 
hairpins in which the guide miRNA was located on the 5’ arm or the 3’ arm and so average 
free energy values calculated at each position considered all pri-miRNA hairpins. For miR-
2020 that terminates in a multiloop, no values beyond the point of bifurcation were 
calculated. 
 
6.4.3 Average A. queenslandica pri-miRNA model 
 
As well as the minimum free energy at each position, the likelihood of an RNA-RNA 
bond at each position was also calculated. Using the same anchoring and numbering 
system for nucleotides, at each position where an RNA-RNA bond was predicted, a value 
of 1 was designated. At all positions predicted to form a bulge, internal loop or terminal 
loop, a value of 0 was designated. The sum of values at each position was then divided by 
9, reflecting the nine pri-miRNAs being considered, to obtain an average chance of an 
RNA-RNA bond forming for that position. For positions where the chance of an RNA-RNA 
bond being formed were greater than 50%, an RNA-RNA bond was included in the 
average model. For all other positions, a mismatch was included. At the terminal end, once 
the position with a probability of an RNA-RNA bond less than 50% was reached and after 
which no further values greater than 50% were calculated, the terminal loop was 
introduced. 
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Chapter 7. Towards a protocol for experimental RNAi in the marine demosponge 
Amphimedon queenslandica 
 
Abstract 
 
The development of marine invertebrate species as emerging model organisms is 
hindered by the lack of functional experimental tools available. The phylogenetic position 
of early branching metazoans such as sponges and cnidarians, make them ideal target 
species for investigations into the evolutionary origins of innovations underpinning animal 
multicellularity and morphological complexity. Although Amphimedon queenslandica is 
currently the leading demosponge model species, the capacity to experimentally 
knockdown the expression of genes has not yet been developed. Here I present 
information on the progress that has been made towards the development of an 
experimental RNA interference (RNAi) protocol in the marine demosponge A. 
queenslandica. This represents the first attempt at developing a tool for the targeted 
manipulation of gene expression in this species and is one of only a few protocols that has 
been reported for any marine invertebrate. The ability to posttranscriptionally regulate 
gene expression will, for the first time, enable experimenters to interrogate gene function in 
this species. Experimental RNAi will accelerate our understanding of gene regulatory 
networks and biochemical synthesis pathways in this emerging model organism. 
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7.1 Introduction 
 
 7.1.1 Experimental RNA interference in terrestrial invertebrates 
 
 The phenomenon of RNA interference (RNAi) was first discovered in the nematode 
worm Caenorhabditis elegans (Fire et al. 1998) where the injection of double-stranded 
RNA (dsRNA) into the body cavity resulted in the potent down regulation of the 
corresponding endogenously encoded gene. The authors found that a single localised 
injection resulted in systemic knockdown of the target gene, indicating that dsRNAs could 
be passed from one cell to another. While unknown to the authors at the time, through 
their exogenous application of dsRNA they had successfully hijacked the small interfering 
RNA (siRNA) pathway, a posttranscriptional regulatory system present in C. elegans 
(Asikainen et al. 2008) and that is conserved throughout eukaryotes (Cerutti and Casas-
Mollano 2006). 
 
Soon after this discovery, the ingestion of bacteria hosting a bidirectionally 
transcribed plasmid vector was also shown to be a viable method for the delivery of RNA-
interfering dsRNA into the cells of C. elegans (Timmons and Fire 1998), as was the 
soaking of worms in a solution of dsRNA (Tabara et al. 1998).  
 
In Drosophila melanogaster, S2 cells (Schneider 1972) are particularly amenable to 
dsRNA uptake in culture (Caplen et al. 2000, Clemens et al. 2000), however the capacity 
for the systemic spread of dsRNA between cells is absent in this species (Roignant et al. 
2003). Systemic RNAi can be achieved in D. melanogaster through injections of dsRNA 
into the syncytial blastoderm prior to cellularisation (Kennerdell and Carthew 1998, 
Misquitta and Paterson 1999). After this point, injections result only in localised effects due 
to the inability for dsRNA to cross the cellular membranes (Roignant et al. 2003). In other 
insects, such as the red flour beetle Tribolium castaneum (Bucher et al. 2002, Tomoyasu 
and Denell 2004) and the grasshopper Schistocerca americana (Dong and Friedrich 
2005), dsRNA injected into the body cavity does undergo systemic spread. 
 
7.1.2 Experimental RNAi protocols in marine invertebrates 
 
Outside of the Cnidaria (Lohmann et al. 1999, Technau and Steele 2011), the 
development of RNAi protocols has been limited in marine invertebrates (Jakob and 
	  	   141	  
Schierwater 2007). In shrimp, RNAi has been successfully used to inoculate animals 
against viruses (Robalino et al. 2005, Loy et al. 2012), demonstrating the inherent capacity 
for this system to target exogenous pathogenic dsRNA sources. A solution of dsRNA is 
injected either into the body cavity of the shrimp or into unfertilised eggs. This mode of 
delivery also works for molluscs (Korneev et al. 2002), however for sponges, the lack a 
body cavity or a population of  unfertlised eggs that can be easily isolated, limits the 
potential of direct injection. In the only paper published on dsRNA delivery tothe placozoan 
Trichoplax adhaerens, individuals were transfected with dsRNA using FuGENETM-6 
Transfection Reagent (Roche Applied Science), which appeared to successfully deliver 
dsRNA to all cells (Jakob et al. 2004). The authors observed a dramatic phenotypic effect 
on the rate of binary fission associated with the RNAi knockdown of the Hox gene Trox-2, 
however down regulation of the target gene was not quantified. 
 
dsRNA delivery has been attempted in the freshwater sponge Ephydatia muelleri, 
through soaking and through the feeding of dsRNA-expressing bacteria (Rivera et al. 
2011). The authors also fed dsRNA-expressing bacteria to the marine sponge Tethya 
wilhelma but did not attempt soaking in this species as they concluded that RNA instability 
in seawater would render this form of delivery unworkable. Evidence for the effectiveness 
of either method is limited. No evidence was provided that the soaking method was 
effective for dsRNA delivery in E. muelleri and the phenotypic changes observed 
resembled general ill health rather than a set of distinct phenotypes that could be predicted 
based on the known or presumed function of the target gene (beta-actin). These included 
the loss of contact of the growing edge of tissue with the culture plate, loss of definition in 
the canal structure and poorly defined choanocyte chambers. The feeding of dsRNA (beta-
actin) expressing bacteria produced significant but modest mRNA down regulation and as 
above, the phenotype that was observed resembled general ill health. In a separate study 
on E. muelleri, successful knockdown by feeding was concluded following the qRT-PCR of 
a downstream target (EmSix1/2) of the RNAi-targeted gene (EmPaxB) (Rivera et al. 2013). 
No quantitative information was provided for the knockdown of EmPaxB and, like the 
previous study, the phenotypes observed were difficult to attribute to the targeted effects of 
RNAi. In neither of these studies was an attempt made to understand the molecular 
mechanisms of RNAi in these species. 
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7.1.3 The molecular machinery of RNA interference 
 
Recent attempts to understand the molecular mechanisms responsible for RNA 
interference have resulted in the identification of a number of candidate genes. Most well 
known of these is systemic RNA interference deficient 1 (SID-1), an eleven 
transmembrane helix-containing dsRNA transport protein first identified in C. elegans 
(Winston et al. 2002, Feinberg and Hunter 2003). Two more transmembrane helix-
containing proteins have also been implicated in RNAi, SID-2 (Winston et al. 2007) and 
SID-5 (Hinas et al. 2012), that function in the uptake of environmental dsRNA from within 
the gut and the systemic spread of the dsRNA signal. SID-2 and SID-5 have not been 
reported outside of the Caenorhabditis genus and neither protein is related to SID-1. 
 
In D. melanogaster, dsRNA uptake by S2 (Schneider 1972) cells is an endocytic 
process that involves membrane-bound scavenger repeat dsRNA receptors (Saleh et al. 
2006, Ulvila et al. 2006). SID-1 homologues are not present in D. melanogaster, yet 
dsRNA is still efficiently internalised by S2 cells (Saleh et al. 2006). Genes involved in the 
endocytosis of dsRNA by D. melanogaster have also been implicated in the uptake of 
dsRNA by C. elegans (Tijsterman et al. 2004). 
 
7.1.4 RNAi in A. queenslandica 
 
In this chapter, I will detail progress that has been made towards the establishment 
of an experimental RNAi protocol for the sponge Amphimedon queenslandica. I identify 
candidate homologues of the transmembrane domain-containing SID-1 protein of C. 
elegans and demonstrate the rapid uptake of dsRNA by particular cell populations from the 
seawater environment. The biological consequences of these observations are discussed 
and suggestions are made for further testing of the capacity for sponge cells to uptake 
dsRNA from the environment for the purposes of RNAi. This chapter represents the first 
attempt at understanding the molecular mechanisms involved in the environmental RNA 
interference process in a marine invertebrate.  
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7.2 Results 
 
 7.2.1 SID domain-containing proteins and membrane topology 
 
 The SID-1 protein (also known as rsd-8) of C. elegans was identified independently 
by two groups, both of which performed larges screens for RNAi-defective mutants 
(Winston et al. 2002, Tijsterman et al. 2004). SID-1 proteins have subsequently been 
reported from across the Eukaryota resulting in the curation of the Pfam SID-1 domain 
(PF13965) from 81 species covering eight metazoan phyla as well as choanoflagellate and 
amoebozoan species. I used the Pfam SID-1 domain hidden markov model (HMM) to 
search for SID-1 domain-containing proteins in A. queenslandica using HMMERs 
HMMSearch function (Eddy 2009). Five SID-1 domain-containing genes were identified in 
A. queenslandica. Both TargetP (Emanuelsson et al. 2000) and SignalP (Petersen et al. 
2011) predicted signal peptides for all five putative proteins and TMHMM (Krogh et al. 
2001) predicted either 11 or 12 transmembrane helices (TMHs) for each (Table 7.1) 
(Emanuelsson et al. 2007).  
 Table	  7.1	  SID-­‐1	  domain-­‐containing	  gene	  models	  in	  A.	  queenslandica.	  	  
Name Gene Model TargetP SP SignalP D Score TMHMM TMHs pFAM Domain Architecture
Sid1-a Aqu2.33759_001 0.764 0.759 11
Sid1-b Aqu2.43990_001 0.967 0.627 11
Sid1-c Aqu2.30455_001 0.955 0.885 11
Sid1-d Aqu2.32926_001 0.976 0.803 11
Sid1-e Aqu2.32925_001 0.937 0.701 12  
  
A. queenlandica SID-1 domain-containing proteins possess a membrane topology very 
similar to that of the C. elegans 
SID-1 (Feinberg and Hunter 
2003). In both species, SID-1 
proteins contain 11 
transmembrane helices, a long 
extracellular N terminal domain 
and a large intracellular domain 
residing between the first and 
second THMs (Figure 7.1). 
 
Figure	   7.1	   Membrane	   topology	   of	   A.	   queenslandica	   SID-­‐1a	  (Aqu2.33759_001)	  as	  predicted	  by	  TMHMM.	  11	  TMHs	  follow	  a	  long	  N	  terminal	  extracellular	  domain.	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7.2.2 dsRNA delievery to A. queenslandica cells 
 
To test the capacity of A. queenslandica for environmental RNAi, three-day old 
juvenile sponges were incubated in fluorescein-labeled dsRNA (fl-dsRNA) in filtered 
seawater (FSW). No transfection reagents were used. After a 2-minute incubation of 
juvenile sponges, dsRNA uptake was observed (Figure 7.2 A-B). 
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Figure	  7.2	  Fluorescein-­‐labeled	  dsRNA	  uptake	  by	  juvenile	  A.	  queenslandica.	  (A)	  Three-­‐day	  old	  juvenile	  sponge	   prior	   to	   incubation.	   The	  microscope	   gain	   was	   set	   to	   a	   high	   level	   so	   that	   the	   outline	   of	   the	  sponge	   became	   visible.	   (B)	   The	   same	   juvenile	   sponge	   as	   in	   (A)	   after	   a	   two-­‐minute	   incubation	   in	   fl-­‐dsRNA	   solution.	   This	   image	   was	   taken	   with	   the	   same	   microscope	   settings	   as	   for	   (A).	   (C)	   Juvenile	  sponge	   after	   a	   five	   second	   incubation	   in	   fl-­‐dsRNA	   solution.	   (D)	   Magnified	   view	   of	   fluorescing	  choanocyte	  chambers	  from	  the	  sponge	  in	  (C).	  The	  spherical	  structures	  are	  choanocyte	  chambers	  that	  are	  made	  up	  of	  multiple	  choanocyte	  cells,	  giving	  the	  chambers	  a	  punctate	  appearance.	  At	  this	  stage,	  no	  other	  cell	  types	  show	  evidence	  of	  dsRNA	  uptake.	  (E)	  Juvenile	  sponge	  72	  hours	  after	  a	  3.5-­‐hour	  soak	  in	  fl-­‐dsRNA	   solution.	   Fluorescence	   can	   be	   observed	   in	   on-­‐choanocyte	   cells	   around	   the	   animal’s	  periphery.	  (F)	  Magnified	  view	  of	  non-­‐choanocyte	  cells	  in	  the	  periphery	  of	  the	  sponge	  from	  (D).	  Several	  cell	  types	  are	  apparent	  including	  archeocytes.	  
 
Significant uptake of fl-dsRNA was also observed after a five-second incubation and 
closer inspection showed that the feeding cells of the sponge, the choanocytes, were the 
first to internalise the dsRNA (Figure 7.2c-d). While five seconds was sufficient to observe 
significant uptake of dsRNA, soaking for longer durations produced more intense 
fluorescence (data not shown). 
 
To visualise subcellular localisation of fl-dsRNA, adult sponge choanocytes were 
counterstained with DiI and then imaged on a confocal microscope (Figure 7.3).  
	  Figure	  7.3	  Confocal	  images	  of	  fl-­‐dsRNA	  (green/yellow)	  treated	  choanocytes	  from	  an	  adult	   sponge	   counterstained	   with	   DiI	   (red).	   (A)	   Four	   choanocytes	   displaying	  localisation	   of	   dsRNA	   to	   their	   cell	  membranes	   after	   a	   five	   second	   treatment.	   (B)	  A	  single	  choanocyte	  showing	  dsRNA	  localistion	  to	  internalised	  puncta	  after	  a	  one-­‐hour	  treatment.	  Confocal	  images	  courtesy	  of	  Federico	  Gaiti	  and	  Nagayasu	  Nakanishi.	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Immediately following a 5 sec soak, dsRNA was observed localising to choanocyte 
cell membranes with no evidence of internalisation (Figure 7.3a). In contrast, those cells 
which had received a one-hour soaking showed no evidence of dsRNA localisation to their 
cell membranes but instead possessed discrete fluorescent internalised puncta (Figure 
7.3b). While only choanocytes were observed fluorescing immediately after incubation, by 
12 hours post-incubation, fluorescence was observed in other cell types, particularly 
archeocytes. The numbers of non-choanocyte cells that were fluorescing continued to 
increase over time until the experiment was ended 72 hours after incubation (Figure 7.2e-
f). 
 
7.2.3 dsRNA processing 
 
To test if dsRNA is processed into siRNAs once it is delivered to cells, juvenile 
sponges were incubated with fl-dsRNA for one 
hour then allowed to develop for 24 hours in 
FSW before total RNA was extracted from them. 
The RNA was electrophoresed on a 15% 
polyacrylamide denaturing gel in the absence of 
any nucleic acid stain (Figure 7.4). While a 
population of labeled ~21 nt labeled siRNAs was 
not observed, the smear of fluorescent RNA did 
show a faint banding pattern suggesting that at 
least some of the dsRNA had been 
enzymatically cleaved from longer precursor 
molecules in a length-dependent manner. Even 
after 24 hours of development post-incubation, a 
large portion of the labeled dsRNA persisted at a 
molecular weight that was too high to resolve on 
this gel. This is consistent with similar 
observations in C. elegans (Parrish et al. 2000). 
 
 
 
 
 
	  Figure	  7.4	  15%	  denaturing	  polyacrylamide	  gel	  of	  processed	  fl-­‐dsRNA.	  Marked	  by	  blue	  arrows	  are	  RNA	  standards	  at	  21	  and	  24	  nt.	  Red	  arrows	  show	  faint	  bands	  of	  processed	  fl-­‐dsRNA.	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7.3 Discussion 
  
 7.3.1 Biological significance of dsRNA uptake 
 
 In the ocean, viruses likely contribute much of the dsRNA that sponges commonly 
encounter. Estimates for oceanic virioplankton concentration range from 106 to 1011 virus 
particles per litre of sea water (Proctor and Fuhrman 1990, Hara et al. 1997, Wommack 
and Colwell 2000), a substantial portion of which are likely to be dsRNA viruses (Andrews-
Pfannkoch et al. 2010, Decker and Parker 2014). Sponges are suspension feeders that 
continuously draw large volumes of water through small ostia in their body wall, filter out 
particulate matter and expel the filtered water through larger exhalent oscula (Leys and Hill 
2012). In a measurement conducted on the demosponge Callyspongia plicifera, over half 
a litre of seawater per second per litre of sponge tissue was pumped through its aquiferous 
system (Weisz et al. 2008). With such high levels of interaction with potential pathogenic 
dsRNA species, it might be expected that sponges would have evolved systems for the 
exclusion of such nucleic acids. 
 
 7.3.2 dsRNA uptake by choanocytes  
 
 Rather than the exclusion of exogenous dsRNA molecules, I observed rapid uptake 
by choanocytes, the feeding cells of the sponge. Choanocytes are flagellated phagocytic 
cells that occur in clusters called choanocyte chambers. These cells are distributed around 
the bodies of juvenile and adult sponges (Leys and Hill 2012). Choanocytes are also 
pluriopotent stem cells (Funayama 2010, Funayama et al. 2010) that can transdifferentiate 
into any other cell type via an archeocyte intermediate (Amano and Hori 1996, Nakanishi 
et al. 2014). 
 
The exogenous siRNA (exo-siRNA) system is thought to have evolved as an 
adaptive immune system in eukaryotes and it still functions as such in many modern 
species (Li and Ding 2005). By recognising foreign dsRNA molecules and processing them 
into small interfering RNAs, the exo-siRNA system is able to prime a member of the 
Argonaute protein family to recognise and silence transcripts that are complementary to 
the siRNA it hosts (Kim et al. 2009). The observation that the choanocytes of A. 
queenslandica readily uptake naked (not bound to any transfection reagent) dsRNA from 
the environment suggests that these cells may be actively sampling the water for such 
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molecules. In intact viral particles, the nucleic acid component is encapsulated by protein 
and so is unlikely to be exposed to membrane-bound components of the siRNA system of 
the cells it infects. By sampling the water for free dsRNA molecules, sponges may be able 
to utilise damaged viral particles that have exposed nucleic acids, to inoculate themselves 
against intact water-borne pathogens prior to infection. 
 
 In D. melanogaster S2 cells, dsRNA binds membrane-bound scavenger repeat 
receptors and is subsequently internalised through an active process of endocytosis (Ulvila 
et al. 2006, Saleh et al. 2006). Once internalised, dsRNA molecules are localised to 
discrete puncta in the cell’s interior whereupon they are processed into siRNAs and are 
used by the cell to down regulate complementary transcripts within the cytoplasm (Ulvila et 
al. 2006, Saleh et al. 2006). It is not known whether this same pathway is utilised by the 
choanocytes of A. queenslandica, however similarities in the dynamics of dsRNA uptake 
suggest similar mechanisms may be involved. 
  
 7.3.3 SID-1 and dsRNA uptake 
 
SID-1 is an ATP independent dsRNA-gated membrane channel that allows for the 
passive diffusion of dsRNA across cell membranes (Shih and Hunter 2011). This results in 
the rapid uptake of dsRNA by SID-1 positive cells in a process that is dependent on the 
dynamics of diffusion (Feinberg and Hunter 2003). Even though the uptake of dsRNA by 
A. queenslandica choanocytes is rapid, the observation that dsRNA is initially membrane-
bound before being internalised does not seem consistent with passive diffusion through a 
membrane-bound dsRNA channel. Rather, this process of dsRNA transitioning from a 
membrane-bound state to being concentrated in discrete loci within the cell body is entirely 
consistent with observations of the dsRNA uptake dynamics of D. melanogaster S2 cells 
(Ulvila et al. 2006). While dsRNA uptake across the body wall by C. elegans is reliant on 
passive diffusion, endocytosis has also been implicated in this process. Further work is 
needed to establish whether dsRNA uptake by choanocytes is dependent on SID-1 
channels, endocytosis or a combination of both. 
 
7.3.4 Transdifferentiation versus systemic transfer 
 
In A. queenslandica juveniles, choanocytes appeared to be the only cell type 
capable of fl-dsRNA uptake, however in the hours following dsRNA soaking, increasing 
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numbers of other cell types began to exhibit fluorescence. The systemic spread of 
internalised dsRNA between cells is a characteristic of RNAi in C. elegans but not in D. 
melanogaster, however several pathways for systemic spread exist in C. elegans, not all of 
which are reliant on SID-1 (Jose et al. 2009). 
 
It is unknown whether the gradual increase in non-choanocyte fluorescence is due 
to the systemic spread of dsRNA from choanocytes to other cell types or whether the 
process of transdifferentiation is responsible (Amano and Hori 1996). Choanocytes are 
capable of transdifferentiating into any other cell type via an archeocyte intermediate 
(Nakanishi et al. 2014) and the time scale for non-choanocyte fluorescence observed here 
is consistent with the dynamics of transdifferentiation (Amano and Hori 1996, Nakanishi et 
al. 2014). In order to determine the process that is responsible for non-choanocyte dsRNA 
inclusion, dsRNA positive choanocytes should be counterstained and their lineages 
tracked over the course of development as has been performed by Nakanishi et al. (2014). 
If dsRNA-positive non-choanocytes are subsequently observed that are not 
counterstained, systemic transfer of dsRNA would may provide the explanation. 
 
7.3.5 dsRNA processing and target knockdown 
 
The goal of developing an RNAi protocol can be broken into four parts: (1) dsRNA 
delivery, (2) dsRNA processing into siRNAs, (3) loading of siRNAs into Argonaute RNA 
Induced Silencing Complex (RISC) and (4) silencing of the target by the RISC. While in 
this chapter, I have demonstrated the efficacy of naked dsRNA delivery to choanocyte 
cells in A. queenslandica through soaking, the final three parts of the process remain 
largely unresolved. Preliminary evidence presented in Figure 7.4 suggests that some of 
the long dsRNA molecules internalised by choanocytes are processed into discrete size 
lengths, although this appears to be an inefficient process as much of the fluorescein-
labeled RNA forms a smear rather than discrete bands. In future experiments, RNA co-
immunoprecipitation of Argonaute proteins will be required to confirm that siRNAs 
processed from exogenously administered dsRNAs are loaded into RISCs. Successful 
knockdown of targeted genes will require a combination of both the quantification of down 
regulated target transcripts and the establishment of protocols for assessing predictable 
phenotypic consequences of this down regulation.  
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 7.3.6 Summary 
 
 Further experiments are required to establish whether the mechanisms that allow 
for the uptake of dsRNA by A. queenslandica choanocytes are specific to this particular 
form of nucleic acid or whether environmentally-occurring DNA or single-stranded RNA 
can also be internalised. The absence of dsRNA uptake by cells types other than 
choanocytes also poses the question of whether RNAi will be possible in other cell types. 
Future experiments that test the capacity for exogenously-introduced dsRNA to induce an 
RNAi response will likely target genes shown to have choanocyte specific expression 
patterns. If these experiments prove successful, the next step would be to determine 
whether the processes that lead to the inclusion of exogenously-introduced dsRNA in non-
choanocyte cells (systemic transfer or transdifferentiation) can also invoke an RNAi 
response in those cells. Much remains to be learnt about the potential for experimental 
RNAi in A. queenslandica, however the results presented here are a promising first step. 
 
7.4 Methods 
 
 7.4.1 SID-1 search and membrane topology 
 
 The SID-1 Pfam (Finn et al. 2010) protein domain (PF13965.1) hidden markov 
model was used with HMMERs HMMSeach (Eddy 2009) to find SID-1 domain-containing 
proteins from Amphimedon queenslandica. Seven proteins were identified with E-values 
above the default inclusion value of HMMER. These were tested with both SignalP 
(Petersen et al. 2011) and TargetP (Emanuelsson et al. 2000) for the presence of a signal 
peptide and with TMHMM (Krogh et al. 2001) for the presence of transmembrane helices. 
Five of the seven proteins were deemed to be true SID-1 proteins based on the similarities 
of their membrane topologies with SID-1 from C. elegans (Winston et al. 2002). 
 
 7.4.2 fl-dsRNA synthesis 
 
 fl-dsRNA corresponding to the Haliotis asinina gene Has-sometsuke (Jackson et al. 
2006) was produced for the dsRNA delivery experiments. This gene was selected due to 
its absence in A. queenslandica. 
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A 500 bp region of Has-sometsuke was amplified by PCR, then blunt-ended using 
the standard Klenow protocol (Green and Sambrook 2012). The blunt-ended PCR product 
was gel-purified using a standard silica (glass milk) cleanup protocol (Vogelstein and 
Gillespie 1979) then ligated into linearised and blunt-ended pLitmus 28i vector (New 
England BioLabs). E. coli XL1-Blue competent cells (Stratagene) were heat shock 
transformed with the vector and grown overnight on LB agar plates in the presence of 
ampicillin, after which colonies were selected by blue-white screening (Ullmann et al. 
1967). 
 
Selected colonies were PCR amplified with M13F and M13R vector primers and the 
products were gel purified (Vogelstein and Gillespie 1979). Reverse transcription was 
performed using the following modified version of the Ampliscribe T7 High Yield 
Transcription Kit (epicentre): 
 
 1 µg linearised template DNA with T7 promoters 
 2 µl 10X Ampliscribe T7 Reaction Buffer 
 0.75 µl 100 mM ATP 
 0.75 µl 100 mM CTP 
 0.75 µl 100 mM GTP 
 0.5 µl 100 mM UTP 
 7 µl Roche Fluorescein RNA Labelling Mix 
 2 µl 100 mM DTT 
 0.5 µl Riboguard RNAse Inhibitor 
 2 µl Ampliscribe T7 Enzyme Solution 
 x µl RNAse-free water to final volume of 20 µl 
 
RNA was purified using the standard TriReagent (Sigma-Aldrich) protocol but 
without the initial cell lysis step. Samples were stored at -80°C until they were required. 
Immediately prior to the soaking experiment, complementary RNA strands were annealed 
by placing the purified RNA solution into a heat block at 75°C and turning the heat block 
off. As the solution slowly cooled to room temperature (approximately one hour), the bulk 
of the RNA was hybridised. This was confirmed by agarose gel electrophoresis (data not 
shown). 
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7.4.3 Soaking experiments 
 
Amphimedon queenslandica larvae were collected as they were released from 
adults (Maritz et al. 2010) and induced to settle by the addition of coralline algae (Degnan 
and Degnan 2010). Settled larvae were transferred to small (10 mm) coverslips and 
submerged in filtered seawater (FSW) in 24-well plates whereupon they quickly reattached 
and continued to develop as normal. At approximately three days post-re-settlement, 
juvenile sponges had developed a pinacoderm and functioning aquiferous system, 
indicating the establishment of the function juvenile body plan (Leys and Degnan 2002). At 
this stage, the juveniles were ready for experimentation. 
 
fl-dsRNA was diluted in FWS in 24-well plates to 10 µg/mL to a total volume of 500 
µL. Immediately after dilution, coverslips with attached juvenile sponges were transferred 
to these wells for the desired amount of time (five seconds, two minutes, one hour etc.) 
depending on the experiment. After this time, coverslips were transferred to FSW for 10 
minutes, allowing excess dsRNA to diffuse out of the animals. Treated animals were 
visualised live on an Olympus dissecting microscope with fluorescence capabilities. 
 
For adult cells, biopsies were taken from whole animals and treated in the same 
way as described for juveniles. Upon completion of soaking, cells were squeezed out of 
the sample (Wilson 1907) and immediately fixed (Larroux et al. 2008) followed by staining 
with DiI (Nakanishi et al. 2014). Cells were visualised on a Zeiss LSM 510 inverted 
confocal microscope and images edited with Fiji (Schindelin et al. 2012). 
 
7.4.4 Processing of dsRNA experiment 
 
A subset of A. queenslandica juveniles were soaked in fl-dsRNA for 24 hours after 
which they were washed in FSW and transferred to RNALater (Qiagen). Total RNA was 
later extracted with TriReagent (Sigma-Aldrich) as per the standard protocol. This was 
electrophoresed on a 15% denaturing polyacrylamide gel. Upon completion, the lane 
containing the ladder was carefully sliced from the gel with a scalpel and soaked in 
ethidium bromide while the lane containing the total RNA was soaked in water. The two 
pieces of the gel were then placed beside one another in their original positions on a 
BioRad Molecular Imager UV transilluminator and imaged. 
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Chapter 8. General Discussion 
 
8.1 Project aims 
 
This intent of this research was to develop a comprehensive understanding of the 
RNAi repertoires of early branching metazoans. Most published investigations pertaining 
to RNAi systems in early branching metazoans have either been focused on identifying 
components of a single system, such as individual miRNAs, or they have involved broad 
sweeps of the small RNA landscape to confirm the existence of an entire system within a 
particular species. My first aim was to develop tools that would enable the annotation of 
the small RNA components of RNAi systems from high-throughput small RNA sequencing 
datasets, so that questions could be asked both at the whole system level and at the level 
of the individual small RNA. I developed the bioinformatic package, RNAiTool (Chapter 2),  
and used it to survey the RNAi repertoires of four metazoan species, the demosponge 
Amphimedon queenslandica, the ctenophore Mnemiopsis leidyi, the cnidarian 
Nematostella vectensis and the bilaterian arthropod Drosophila melanogaster. These 
species were selected for their phylogenetic positions along important branches in animal 
evolution. 
 
The investigation of the endo-siRNA system of A. queenslandica was used to 
inform the development of an experimental RNAi protocol for this species (Chapter 7). The 
availability of functional molecular tools for marine invertebrates is limited and in A. 
queenslandica, the leading emerging model sponge species (Degnan et al. 2008), none 
have been developed. Two papers have been published on experimental RNAi in two 
other sponge species however their success is questionable due to a lack of evidence 
confirming both RNA delivery and successful knockdown of the target (Rivera et al. 2011, 
2013). The lack of functional tools for interrogating gene function is a significant limiting 
factor in the further development of A. queenslandica as a model sponge species. 
 
8.2 The utility of RNAiTool and the uniformity index 
 
Confirmation of the success of RNAiTool was judged by its ability to annotate RNAi 
components that were consistent with previously defined characteristics of each system. 
For example, the capacity for both endo-siRNAs and piRNAs to regulate transposons has 
been extensively reported and without selecting for this characteristic, the endo-siRNAs 
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and piRNAs annotated in Chapters 3 and 4 align with high frequency to transposable 
elements. RNAiTool defined piRNAs also exhibit the ‘ping-pong’ piRNA biogenesis 
signature (a uracil at the first nucleotide position and an adenosine at position 10) (Lau et 
al. 2009) while RNAiTool defined endo-siRNAs consistently possess a uracil at the first 
nucleotide position. The criteria used by RNAiTool to annotate small RNA clusters are very 
simple. Once a cluster is defined, annotation of that cluster simply requires that the 
majority of small RNA reads that constitute that cluster meet certain read-length criteria. 
While this may seem too simplistic to some, the proof of its success is in the results.  
 
The second major innovation I have developed is the uniformity index (Chapter 3). 
This property of small RNA clusters was borne out of a need to distinguish miRNA clusters 
from endo-siRNA clusters in the sponge A. queenslandica. In this species, pri-miRNA 
hairpins are unusually long and structurally highly variable (Chapter 6) (Grimson et al. 
2008). This made it difficult to distinguish miRNAs from endo-siRNAs based on secondary 
structure and rendered most traditional bioinformatic approaches to miRNA discovery 
unworkable. By dividing the total number of sequenced reads by the number of distinct 
reads that constitute a small RNA cluster, I was able to clearly distinguish the majority of 
known miRNAs in A. queenslandica, N. vectensis and D. melanogaster (Chapters 3, 4). 
This process also enabled the isolation of a population of new clusters for closer 
inspection for potential miRNA annotation. 
 
When the uniformity index was used in conjunction with RNAiTool, RNAi 
subclasses that have been described in other studies appeared from the data. Likely dual-
function small RNA producing RNAs such as tRNAs, snoRNAs and U4 snRNA with high-
uniformity indices were identified, as were cis-nat endo-siRNAs (Chapters 3, 4). As well as 
these previously defined features, this approach also led to the discovery of a likely rRNA-
derived miRNA (Chapter 5), possible heterochromatic endo-siRNA-producing X 
chromosome regions in D. melanogaster, 5’ tRF-like miRNAs in four unrelated animal 
species and a class of phased endo-siRNAs in M. leidyi (Chapter 4). Preliminary evidence 
also suggests that some form of localised secondary structure may be important for piRNA 
biogenesis (Chapter 3), contrary to what is commonly understood of this process. 
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8.3 Insights into the evolution of metazoan RNAi systems 
 
 Sponges are thought to have diverged from eumetazoans 700-800 million years 
ago following the emergence of metazoan multicellularity 100-200 million years previous 
(Sperling et al. 2010) (however see Cavalier-Smith and Chao 2003 and Cavalier-Smith 
2009 for an alternative time scale). In the time following the divergence of the metazoans 
from the choanoflagellates and before the divergence of the sponges, the miRNA and the 
piRNA systems evolved, presumably from components of the more ancient endo-siRNA 
system (Jones-Rhoades et al. 2006, Axtell et al. 2011, Tarver et al. 2012). 
 
 The miRNA hairpin structures in A. queenslandica are unlike the vast majority of 
those described from other animal species and yet their biogenesis likely involves the 
same basic enzymatic components (Grimson et al. 2008). It has been suggested that 
these miRNAs appear to be more like plant miRNAs or endo-siRNAs than true metazoan 
miRNAs but I have demonstrated that, given what is known of the thermodynamic rules 
that govern animal miRNA biogenesis, A. queenslandica miRNAs do in fact comply with 
these rules (Chapter 5). Regardless, the high prevalence of long-form miRNAs in A. 
queenslandica suggest that differences do exist between sponge and eumetazoan miRNA 
biogenesis, as there are differences in the silencing capacity of the miRNAs of N. 
vectensis and bilaterian species (Moran et al. 2014). The work presented here suggests 
that greater diversity was present between the miRNA systems of early metazoan phyla 
than is observed between modern bilaterian taxa. In bilaterians, miRNA systems are highly 
uniform. In all species studied to date, miRNA secondary structures from diverse taxt 
comply with strict thermodynamic rules and miRNAs play a large role in the 
posttranscriptional regulation of mRNAs. Many individual miRNAs are also shared 
between disparate bilaterian lineages. 
 
Outside of the Bilateria, miRNA systems are more variable. In cnidarians, miRNAs 
often silence target transcripts through cleavage and they are also less abundant than 
piRNAs (Moran et al. 2014). Sponge miRNAs are low in number but highly expressed and 
can be produced from RNA secondary structures that do not match those common to 
bilaterians while the entire miRNA system has been lost in placozoans (Grimson et al. 
2008). In ctenophores, the miRNA system is also absent but debate remains as to whether 
this represents a secondary loss as is the case in placozoans, or whether ctenophores 
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rather than sponges are in fact the sister group to the Metazoa, having diverged prior to 
the evolution of the miRNA system (Maxwell et al. 2012, Ryan et al. 2013). 
 
While a question remains regarding the phylogenetic position and reason for the 
lack of miRNAs in ctenophores, piRNAs appear to be metazoan synapomorphies. In 
sponges and cnidarians, piRNAs derived from the ‘ping-pong’ biogenesis pathway have 
been documented (Grimson et al. 2008) and in Chapter 4, I showed that this pathway may 
also be responsible for piRNA biogenesis in the ctenophore M. leidyi. Furthermore, Piwi 
paralogues are present in ctenophores and are expressed in germline tissues, as they are 
in eumetazoans (Alié et al. 2011). In bilaterians, ping-pong piRNA biogenesis is largely 
confined to the germline while somatic piRNA biogenesis does not involve an amplification 
loop (Li et al. 2009, Malone et al. 2009). In Drosophila, primary piRNAs are maternally 
inherited (Blumenstiel and Hartl 2005, Brennecke et al. 2008, Rouget et al. 2010) and in 
Chapter 4, I demonstrated that maternally inherited piRNAs in N. vectensis possess a 
strong ping-pong piRNA biogenesis signature signifying the presence of both primary and 
secondary piRNAs in the unfertilized eggs of cnidarians. Over developmental time, this 
signature diminishes. These observations may help to explain the present but weak ping-
pong piRNA biogenesis signature in the piRNAs of M. leidyi.  As the ping-pong piRNA 
biogenesis pathway may only be active in particular developmental stages, a more 
accurate developmental time course of sequenced small RNA libraries will be required to 
confirm this observation. 
 
Two possibilities exist to explain the presence of eumetazoan-like piRNAs and the 
absence of the entire miRNA pathway in ctenophores.  In the first scenario, the miRNA 
pathway may have simply been lost from the linage leading to ctenophores. Alternatively, 
ctenophores and not sponges may be the earliest branching extant metazoan taxa, having 
diverged after the evolution of piRNAs but before the evolution of miRNAs. There is little 
argument that the miRNA pathway was secondarily lost in placozoans and so with the 
precedent set, the idea that it may have also been lost in ctenophores early on in their 
evolutionary history is not far-fetched.  
 
Very recently, Dendrogramma, a new genus of non-bilaterian metazoan was 
discovered (Just et al. 2014). The authors were unable to ascribe these animals to any of 
the established metazoan phyla, leaving open the possibility that a new phyletic branch 
may need to be added to accommodate them. If dendrogramma are members of a new 
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non-bilaterian phylum, it will be of great interest to establish their relatedness to other non-
bilaterian phyla and to investigate their repertoire of RNA interference molecules and 
associated biogenic enzymes. With luck, this new group may help to fill in some of the 
gaps in the early evolution of metazoan RNAi.  
 
8.4 Final Remarks 
 
 For all that is known about the functions of metazoan miRNA and piRNA systems, it 
is still unclear exactly why they are necessary at all. In bilaterians, knockout of core miRNA 
pathway genes often results in early stage lethality (Bernstein et al. 2003, Wang et al. 
2007, Fukuda et al. 2007, Martin et al. 2009) yet the lack of miRNAs in placozoans and 
ctenophores demonstrates the non-essential nature of the miRNA system for the purposes 
of animal multicellularity and cellular phenotypy (Kosik 2010). In what looks like a case of 
functional redundancy, the miRNA system shares the capacity to silence mRNA transcripts 
with the far more ancient endo-siRNA system. Endo-siRNAs are also capable of silencing 
transposable elements, the primary target of the piRNA system. Plants, like animals, are 
often large, complex, sexual, multicellular organisms with a high degree of cell type 
specialisation and yet transposons are successfully silenced by an endo-siRNA system in 
the absence of piRNAs (Ito 2012). 
 
 In this thesis I have provided a thorough study of the RNAi repertoires of three 
species representing three early branching non-bilaterian phyla. Similarities between 
species are suggestive of the emergence of commonalities in the genomic organisation 
and function of metazoan RNAi systems prior to the divergence of the metazoan phyla 
however it is also clear that to build a metazoan, more than one combination of RNAi 
repertoires can do the job. While bilaterian RNAi repertoires are reasonably uniform 
between taxa, greater diversity is apparent in non-bilaterians. Here I have provided a 
framework for further studies of non-bilaterian RNAi systems and have made a significant 
contribution to the understanding of their roles in the biology of their hosts. 
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APPENDIX A: CHAPTER 2, SUPPLEMENTARY MATERIAL 
Figure S2.1 Scripts for endoTool.sh, piRNATool.sh, endo_normaliser.sh, 
pi_normaliser, PeakTool.sh and 28PeakTool.sh, ColumnAligner.sh, countMapper.sh 
and fastaTrimmer.sh. (Available as a separate, downloadable file). 
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Format S2.1 Input mapped BED file format 
 
The format of the mapped BED files should be as follows: 
 
CHROM START STOP NAME1_NAME2_IDENTIFIER_COPIES_LENGTH MAPS STRAND 
 
 where: 
 
  CHROM  - name of chromosome/scaffold 
  START  - start location 
  STOP  - stop location 
  NAME1  - first free naming field 
  NAME2  - second free naming field 
  IDENTIFIER - unique identifying number 
  COPIES  - number of times particular read is sequenced 
  LENGTH - length of read 
MAPS  - number of times read maps to genome 
  STRAND - + or - 
 
Hyphens should not be used in any field other than to describe the strand. 
 
Format S2.2 countMapper.sh output file format 
 
NAME COUNTS MAPPERS 
where:  
  NAME  - name of the cluster 
  COUNTS - number of counts 
  MAPPERS - number of mappers 
 
Format S2.3 Output file formats 
 
The format of the Randfold output files are as follows: 
 
 NAME MFE P VALUE 
 
The format of the secondary structure output files are as follows: 
 
NAME MFE P VALUE 
 
where: 
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NAME  - describes the name of the cluster 
MFE  - describes the minimum free energy of the structure 
P VALUE - describes the p value assigned by Randfold 
DBN - describes the RNALfold predicted secondary structure in dot bracket 
notation 
START - describes the nucleotide this structure begins on in relation to the 
length of the initial small RNA demarcated cluster. 
 
Format S2.4 ColumnAligner.sh output format 
 
NAME NN MAPPERS COUNTS EI CHROM START STOP F4 MAPS +/- SEQ 
 
where:  
NAME  - name of Cluster 
NN  - name of normalised cluster 
  MAPPERS - number of mappers in the cluster 
  COUNTS - number of counts in the cluster 
  EI  - efficiency index (see Chapter 3) 
  CHROM  - chromosome name 
  START  - start of read 
  STOP  - end of read 
  F4  - field 4  (Name1_Name2_identifier_copies_length) 
MAPS  - number of times read maps to genome 
  STRAND - + or - 
  SEQ  - sequence of dominant read 
 
Format S2.4 miRNA cluster BED format 
 
As per 2.3 but with the following changes: 
 
  START  - start of pre-miRNA 
  STOP  - end of pre-miRNA 
  F4  - name of miRNA 
MAPS  - length of pre-miRNA 
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APPENDIX B: CHAPTER 3, SUPPLEMENTARY MATERIAL 
Table S3.1 Mapped small RNA library depths 
Depth (number of sequenced reads) 
Adult 10341200 
Juvenile 7670244 
Competent Larvae 9802343 
Pre-competent Larvae 14958915 
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Figure S3.1: Read length distributions of mapped small RNA libraries. Mappers 
considers only a single copy of each distinct small RNA sequence and Counts considers 
every sequenced copy of every unique small RNA. Only those reads mapping to one loci 
within the genome (so-called uniques) are shown. (A) Adult, (B) Juvenile, (C) Competent 
Larvae, (D) Pre-Competent Larvae. 
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Figure S3.2 Mappers versus counts for all clusters in the endo-siRNA/miRNA size 
range. Clusters are constructed from all  reads that map uniquely to the genome only. Red 
data points refer to clusters corresponding to previously annotated miRNAs. Blue points 
denote clusters within the endo-siRNA/miRNA size range that have not been previously 
identified. (A) Adult, (B) Juvenile, (C) Competent Larvae, (D) Pre-Competent Larvae. 
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Figure S3.3 Screen shots of UCSC genome browser mirror for the sponge A. 
queenslandica. Pictured are the six of the eight previously reported miRNAs 
{Grimson:2008cv} showing Sanger sequenced RACE products. miR-2016 is pictures in the 
main document and no RACE fragments were amplified for miR-2014. From top to bottom, 
miR-2015, miR-2017, miR-2018, miR-2019, miR-2020, miR-2021. For each screen shot, 
the first track in blue shows gene models for A. queenslandica, in red are the putative pre-
miRNA hairpins for the miRNAs, in pink are the Sanger sequenced RACE products and 
below this are wiggle plots of small RNA expression for the four developmental stages 
(adult, juvenile, competent larvae and pre-competent larvae). 
 
 
 
Figure S3.4. Mappers versus counts for all clusters in the piRNA size range. Clusters 
were constructed from reads mapping uniquely to the genome only. (A) Adult, (B) Juvenile, 
(C) Competent Larvae, (D) Pre-Competent Larvae. 
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APPENDIX C: CHAPTER 4, SUPPLEMENTARY MATERIAL 
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Figure S4.1: Read length distributions for mapped libraries. Includes multi-mapping 
reads. Mappers describes the number of distinct reads and counts describes the total 
number of reads. A. queenslandica Adult (A) A. queenslandica Juvenile (B) A. 
queenslandica Competent Larvae (C) A. queenslandica Pre-Competent Larvae (D) M. 
leidyi 1 (E) M. leidyi 2 (F) N. vectensis Adult Female (G) N. vectensis Adult Male (H) N. 
vectensis Primary Polyps (I) N. vectensis Metamorphosing (J) N. vectensis Late Planula 
(K) N. vectensis Early Planula (L) N. vectensis Gastrula (M) N. vectensis Blastula (N) N. 
vectensis Unfertilised Eggs (O) D. melanogaster Adult Female Head (P) D. melanogaster 
Adult Female Body (Q) D. melanogaster Adult Male Body (R) D. melanogaster 2-4 Day 
Pupae 1 (S) D. melanogaster 2-4 Day Pupae 2 (T) D. melanogaster 0-1 Day Pupae 1 (U) 
D. melanogaster Third Instar Larvae 1 (V) D. melanogaster Third Instar Larvae 2 (W) D. 
melanogaster First Instar Larvae 1 (X) D. melanogaster First Instar Larvae 2 (Y) D. 
melanogaster 12-24h Embryo (Z). 
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Figure S4.2: Read length distributions for mapped libraries. Does not include multi-
mapping reads. Mappers describes the number of distinct reads and counts describes the 
total number of reads. A. queenslandica Adult (A) A. queenslandica Juvenile (B) A. 
queenslandica Competent Larvae (C) A. queenslandica Pre-Competent Larvae (D) M. 
leidyi 1 (E) M. leidyi 2 (F) N. vectensis Adult Female (G) N. vectensis Adult Male (H) N. 
vectensis Primary Polyps (I) N. vectensis Metamorphosing (J) N. vectensis Late Planula 
(K) N. vectensis Early Planula (L) N. vectensis Gastrula (M) N. vectensis Blastula (N) N. 
vectensis Unfertilised Eggs (O) D. melanogaster Adult Female Head (P) D. melanogaster 
Adult Female Body (Q) D. melanogaster Adult Male Body (R) D. melanogaster 2-4 Day 
Pupae 1 (S) D. melanogaster 2-4 Day Pupae 2 (T) D. melanogaster 0-1 Day Pupae 1 (U) 
D. melanogaster Third Instar Larvae 1 (V) D. melanogaster Third Instar Larvae 2 (W) D. 
melanogaster First Instar Larvae 1 (X) D. melanogaster First Instar Larvae 2 (Y) D. 
melanogaster 12-24h Embryo (Z). 
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Figure S4.3. Mappers versus counts for all clusters in the endo-siRNA/miRNA size 
range. Clusters are constructed from all reads including those multi-mapping to the 
genome up to 50 times. Red data points refer to clusters corresponding to previously 
annotated miRNAs. Blue clusters are all those from the endo-siRNA/miRNA size range. 
On the left are multi-mapping clusters and on the right are unique clusters for each 
dataset. A. queenslandica Adult (A and A’) A. queenslandica Juvenile (B and B’) A. 
queenslandica Competent Larvae (C and C’) A. queenslandica Pre-Competent Larvae (D 
and D’) M. leidyi 1 (E and E’) M. leidyi 2 (F and F’) N. vectensis Adult Female (G and G’) 
N. vectensis Adult Male (H and H’) N. vectensis Primary Polyps (I and I’) N. vectensis 
Metamorphosing (J and J’) N. vectensis Late Planula (K and K’) N. vectensis Early Planula 
(L and L’) N. vectensis Gastrula (M and M’) N. vectensis Blastula (N and N’) N. vectensis 
Unfertilised Eggs (O and O’) D. melanogaster Adult Female Head (P and P’) D. 
melanogaster Adult Female Body (Q and Q’) D. melanogaster Adult Male Body (R and R’) 
D. melanogaster 2-4 Day Pupae 1 (S and S’) D. melanogaster 2-4 Day Pupae 2 (T and T’) 
D. melanogaster 0-1 Day Pupae 1 (U and U’) D. melanogaster Third Instar Larvae 1 (V 
and V’) D. melanogaster Third Instar Larvae 2 (W and W’) D. melanogaster First Instar 
Larvae 1 (X and X’) D. melanogaster First Instar Larvae 2 (Y and Y’) D. melanogaster 12-
24h Embryo (Z and Z’). 
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Figure S4.4 Circos plots for multi-mapping endo-siRNA and piRNA clusters. Each 
‘karyotype’ represents a different developmental stage with lines between equivalent 
genomic locations indicating co-expression of a particular cluster. For each pair of plots, 
the first describes endo-siRNA clusters and the second describes piRNA clusters. (A) D. 
melanogaster, (B) A. queenslandica, (C) N. vectensis. 
 
  
 
 
Table S4.1 armU regions that BLAST to X chromosome regions 
 
Region Location 
1 ArmU:3923610-3926090 
2 ArmU:7540984-7541294 
3 ArmU:7715344-7715632 
4 ArmU:9238960-9239251 
5 ArmU:9460668-9461783 
6 ArmU:9487530-9488647 
7 ArmU:9502860-9503913 
8 ArmU:9844212-9844760 
9 ArmU:9999364-10000647 
10 ArmU:10003812-10004340 	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Table S4.2 Numbers of unique and multi-mapping endo-siRNA clusters 
 
A.	  queenslandica	  unique	  Libraries	   3'	  UTR	   5'	  UTR	   Intergenic	   Exons	   Introns	   Transposons	   Unknown	  Transposons	   Total	  No.	  of	  Endo	  Clusters	  
Adult_Sponge	   5	   6	   75	   125	   17	   12	   20	   253	  
Juv_Sponge	   5	   15	   83	   170	   20	   12	   8	   307	  
Comp_Sponge	   3	   40	   108	   172	   24	   11	   25	   368	  
PreComp_Sponge	   21	   52	   203	   254	   30	   13	   34	   582	  
	   	   	   	   	   	   	   	   	  A.	  queenslandica	  multi-­‐mapping	  Libraries	   3'	  UTR	   5'	  UTR	   Intergenic	   Exons	   Introns	   Transposons	   Unknown	  Transposons	   Total	  No.	  of	  Endo	  Clusters	  
Adult_Sponge	   6	   7	   503	   359	   116	   217	   2032	   3004	  
Juv_Sponge	   8	   18	   367	   253	   85	   215	   1151	   1975	  
Comp_Sponge	   8	   42	   465	   341	   85	   163	   1563	   2486	  
PreComp_Sponge	   19	   55	   740	   512	   131	   259	   1995	   3462	  
	   	   	   	   	   	   	   	   	  M.	  leidyi	  unique	  libraries	   3'	  UTR	   5'	  UTR	   Intergenic	   Exons	   Introns	   Transposons	   Unknown	  Transposons	   Total	  No.	  of	  Endo	  Clusters	  
Mnemiopsis1	   12	   5	   737	   254	   143	   278	   86	   1424	  
Mnemiopsis2	   60	   22	   1850	   877	   417	   829	   280	   4003	  
	   	   	   	   	   	   	   	   	  M.	  leidyi	  multi-­‐mapping	  libraries	   3'	  UTR	   5'	  UTR	   Intergenic	   Exons	   Introns	   Transposons	   Unknown	  Transposons	   Total	  No.	  of	  Endo	  Clusters	  
Mnemiopsis1	   15	   10	   4739	   272	   201	   3699	   3816	   12636	  
Mnemiopsis2	   70	   28	   8861	   901	   610	   5559	   6523	   22112	  
	   	   	   	   	   	   	   	   	  N.	  vectensis	  unique	  libraries	   3'	  UTR	   5'	  UTR	   Intergenic	   Exons	   Introns	   Transposons	   Unknown	  Transposons	   Total	  No.	  of	  Endo	  Clusters	  
Adult	  Female	   1	   0	   42	   7	   4	   17	   5	   76	  
Adult	  Male	   4	   1	   63	   10	   8	   11	   10	   107	  
Primary	  Polyp	   1	   0	   24	   3	   5	   7	   4	   43	  
Metamorphosing	   0	   0	   9	   1	   1	   3	   0	   14	  
Late	  Planula	   0	   1	   12	   1	   1	   1	   1	   17	  
Early	  Planula	   1	   0	   21	   1	   5	   3	   1	   32	  
Gastrula	   0	   1	   13	   3	   0	   6	   1	   24	  
Blastula	   0	   0	   12	   0	   0	   0	   0	   12	  
Unfertilised	  Egg	   0	   0	   9	   0	   0	   1	   1	   11	  
	  	   215	  
	   	   	   	   	   	   	   	   	  N.	  vectensis	  multi-­‐mapping	  libraries	   3'	  UTR	   5'	  UTR	   Intergenic	   Exons	   Introns	   Transposons	   Unknown	  Transposons	   Total	  No.	  of	  Endo	  Clusters	  
Adult	  Female	   18	   8	   516	   34	   25	   1328	   359	   2283	  
Adult	  Male	   31	   10	   621	   60	   30	   1361	   437	   2543	  
Primary	  Polyp	   10	   11	   175	   24	   18	   265	   113	   608	  
Metamorphosing	   3	   4	   115	   10	   8	   157	   27	   314	  
Late	  Planula	   6	   4	   108	   9	   6	   125	   55	   307	  
Early	  Planula	   3	   3	   132	   5	   17	   208	   55	   414	  
Gastrula	   5	   5	   123	   4	   1	   191	   57	   382	  
Blastula	   4	   2	   82	   7	   3	   48	   16	   162	  
Unfertilised	  Egg	   2	   3	   42	   4	   1	   58	   7	   116	  
	  
	  
	   	   	   	   	   	   	   	  D.	  melanogaster	  unique	  libraries	   3'	  UTR	   5'	  UTR	   Intergenic	   Exons	   Introns	   Transposons	   Unknown	  Transposons	   Total	  No.	  of	  Endo	  Clusters	  
Adult	  Female	  head	   15	   4	   10	   20	   6	   3	   0	   54	  
Adult	  Female	  Body	   30	   24	   39	   127	   27	   2	   0	   228	  
Adult	  Male	  Body	   100	   40	   105	   285	   41	   5	   0	   534	  
2-­‐4	  Day	  Pupae	  1	   26	   4	   22	   79	   13	   3	   0	   138	  
2-­‐4	  Day	  Pupae	  2	   4	   1	   7	   18	   2	   1	   0	   32	  
0-­‐1	  Day	  Pupae	   35	   14	   31	   98	   10	   3	   0	   185	  
3rd	  Instar	  Larvae	  1	   7	   4	   5	   20	   4	   2	   0	   38	  
3rd	  Instar	  Larvae	  2	   1	   3	   1	   3	   0	   0	   0	   7	  
1st	  Instar	  Larvae	  1	   31	   20	   46	   227	   27	   4	   0	   335	  
1st	  Instar	  Larvae	  2	   44	   28	   70	   295	   38	   4	   0	   447	  
12-­‐24	  hour	  embryo	   10	   2	   10	   36	   8	   1	   0	   64	  
	   	   	   	   	   	   	   	   	  D.	  melanogaster	  multi-­‐mapping	  libraries	   3'	  UTR	   5'	  UTR	   Intergenic	   Exons	   Introns	   Transposons	   Unknown	  Transposons	   Total	  No.	  of	  Endo	  Clusters	  
Adult	  Female	  head	   16	   4	   306	   47	   6	   626	   0	   1002	  
Adult	  Female	  Body	   28	   24	   144	   120	   27	   156	   0	   479	  
Adult	  Male	  Body	   103	   43	   352	   281	   45	   510	   0	   1290	  
2-­‐4	  Day	  Pupae	  1	   25	   6	   177	   85	   13	   467	   0	   764	  
2-­‐4	  Day	  Pupae	  2	   3	   1	   44	   20	   9	   144	   0	   220	  
	  	   216	  
0-­‐1	  Day	  Pupae	   10	   5	   42	   24	   5	   204	   0	   289	  
3rd	  Instar	  Larvae	  1	   5	   4	   51	   20	   10	   89	   0	   175	  
3rd	  Instar	  Larvae	  2	   1	   3	   27	   3	   1	   165	   0	   199	  
1st	  Instar	  Larvae	  1	   26	   22	   93	   212	   22	   119	   0	   475	  
1st	  Instar	  Larvae	  2	   45	   25	   107	   299	   46	   141	   0	   623	  
12-­‐24	  hour	  embryo	   13	   2	   52	   31	   9	   103	   0	   207	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Table S4.3 Numbers of unique and multi-mapping piRNA clusters 
 
A.	  queenslandica	  unique	  Libraries	   3'	  UTR	   5'	  UTR	   Intergenic	   Exons	   Introns	   Transposons	   Unknown	  Transposons	   Total	  No.	  of	  piRNA	  Clusters	  
Adult_Sponge	   13	   12	   2014	   446	   104	   1007	   714	   4255	  
Juv_Sponge	   2	   3	   441	   90	   27	   244	   106	   903	  
Comp_Sponge	   1	   1	   1635	   304	   63	   820	   403	   3191	  
PreComp_Sponge	   6	   9	   3106	   452	   109	   1342	   794	   5755	  
	   	   	   	   	   	   	   	   	  A.	  queenslandica	  multi-­‐mapping	  Libraries	   3'	  UTR	   5'	  UTR	   Intergenic	   Exons	   Introns	   Transposons	   Unknown	  Transposons	   Total	  No.	  of	  piRNA	  Clusters	  
Adult_Sponge	   13	   15	   4501	   792	   350	   3437	   6170	   14914	  
Juv_Sponge	   2	   4	   971	   181	   74	   771	   1137	   3077	  
Comp_Sponge	   8	   4	   3398	   526	   200	   2257	   3215	   9376	  
PreComp_Sponge	   12	   13	   6019	   710	   334	   3351	   4582	   14709	  
	   	   	   	   	   	   	   	   	  M.	  leidyi	  unique	  libraries	   3'	  UTR	   5'	  UTR	   Intergenic	   Exons	   Introns	   Transposons	   Unknown	  Transposons	   Total	  No.	  of	  piRNA	  Clusters	  
Mnemiopsis1	   9	   2	   197	   56	   75	   46	   39	   386	  
Mnemiopsis2	   31	   7	   405	   253	   184	   58	   70	   875	  
	   	   	   	   	   	   	   	   	  M.	  leidyi	  multi-­‐mapping	  libraries	   3'	  UTR	   5'	  UTR	   Intergenic	   Exons	   Introns	   Transposons	   Unknown	  Transposons	   Total	  No.	  of	  piRNA	  Clusters	  
Mnemiopsis1	   8	   3	   279	   58	   85	   138	   432	   960	  
Mnemiopsis2	   32	   7	   491	   238	   185	   186	   381	   1383	  
	   	   	   	   	   	   	   	   	  N.	  vectensis	  unique	  libraries	   3'	  UTR	   5'	  UTR	   Intergenic	   Exons	   Introns	   Transposons	   Unknown	  Transposons	   Total	  No.	  of	  piRNA	  Clusters	  
Adult	  Female	   3	   4	   154	   24	   5	   54	   17	   261	  
Adult	  Male	   6	   1	   121	   24	   9	   68	   11	   240	  
Primary	  Polyp	   4	   6	   168	   38	   8	   98	   21	   343	  
Metamorphosing	   3	   3	   160	   20	   10	   79	   14	   289	  
Late	  Planula	   8	   3	   221	   39	   11	   97	   26	   405	  
Early	  Planula	   7	   3	   185	   39	   15	   97	   18	   364	  
Gastrula	   4	   4	   222	   53	   14	   129	   28	   454	  
Blastula	   7	   3	   244	   33	   9	   103	   19	   418	  
	  	   218	  
Unfertilised	  Egg	   9	   5	   229	   34	   9	   95	   24	   405	  
	   	   	   	   	   	   	   	   	  N.	  vectensis	  multi-­‐mapping	  libraries	   3'	  UTR	   5'	  UTR	   Intergenic	   Exons	   Introns	   Transposons	   Unknown	  Transposons	   Total	  No.	  of	  piRNA	  Clusters	  
Adult	  Female	   7	   6	   677	   48	   19	   1236	   299	   2290	  
Adult	  Male	   9	   9	   619	   52	   26	   1354	   194	   2262	  
Primary	  Polyp	   16	   11	   787	   74	   32	   1605	   321	   2845	  
Metamorphosing	   10	   10	   771	   48	   23	   1391	   280	   2532	  
Late	  Planula	   5	   10	   775	   65	   22	   1679	   323	   2878	  
Early	  Planula	   9	   9	   720	   74	   29	   1766	   325	   2929	  
Gastrula	   11	   9	   801	   105	   33	   2359	   455	   3770	  
Blastula	   10	   5	   984	   74	   22	   1938	   432	   3455	  
Unfertilised	  Egg	   7	   7	   867	   56	   30	   1898	   475	   3340	  
	   	   	   	   	   	   	   	   	  D.	  melanogaster	  unique	  libraries	   3'	  UTR	   5'	  UTR	   Intergenic	   Exons	   Introns	   Transposons	   Unknown	  Transposons	   Total	  No.	  of	  piRNA	  Clusters	  
Adult	  Female	  head	   1	   0	   17	   3	   3	   31	   0	   54	  
Adult	  Female	  Body	   31	   7	   291	   53	   19	   304	   0	   695	  
Adult	  Male	  Body	   6	   2	   41	   31	   10	   38	   0	   125	  
2-­‐4	  Day	  Pupae	  1	   0	   0	   15	   3	   5	   10	   0	   33	  
2-­‐4	  Day	  Pupae	  2	   1	   1	   2	   3	   1	   1	   0	   9	  
0-­‐1	  Day	  Pupae	   2	   1	   8	   13	   5	   9	   0	   38	  
3rd	  Instar	  Larvae	  1	   0	   0	   6	   3	   2	   2	   0	   12	  
3rd	  Instar	  Larvae	  2	   0	   0	   1	   0	   0	   0	   0	   1	  
1st	  Instar	  Larvae	  1	   3	   2	   8	   18	   3	   2	   0	   34	  
1st	  Instar	  Larvae	  2	   1	   1	   2	   12	   2	   3	   0	   19	  
12-­‐24	  hour	  embryo	   0	   0	   26	   11	   5	   58	   0	   99	  
	   	   	   	   	   	   	   	   	  D.	  melanogaster	  multi-­‐mapping	  libraries	   3'	  UTR	   5'	  UTR	   Intergenic	   Exons	   Introns	   Transposons	   Unknown	  Transposons	   Total	  No.	  of	  piRNA	  Clusters	  
Adult	  Female	  head	   1	   0	   974	   7	   9	   1441	   1	   2432	  
Adult	  Female	  Body	   31	   6	   3916	   80	   22	   4080	   5	   8133	  
Adult	  Male	  Body	   5	   2	   1621	   39	   7	   2762	   1	   4433	  
2-­‐4	  Day	  Pupae	  1	   0	   0	   651	   8	   7	   1350	   0	   2016	  
	  	   219	  
2-­‐4	  Day	  Pupae	  2	   1	   1	   109	   3	   2	   203	   0	   319	  
0-­‐1	  Day	  Pupae	   2	   1	   438	   18	   5	   765	   0	   1228	  
3rd	  Instar	  Larvae	  1	   0	   0	   143	   3	   4	   118	   0	   267	  
3rd	  Instar	  Larvae	  2	   0	   0	   55	   0	   1	   143	   0	   199	  
1st	  Instar	  Larvae	  1	   3	   2	   285	   17	   5	   584	   0	   894	  
1st	  Instar	  Larvae	  2	   1	   1	   115	   12	   3	   390	   0	   520	  
12-­‐24	  hour	  embryo	   0	   0	   1461	   27	   9	   2517	   1	   4014	  
